PROCEEDINGS 


THE-INSTITUTION ‘OF 
CIVIL ENGINEERS 


PART I 
NOVEMBER 1952 


ORDINARY MEETING 
20 May, 1952 


ALLAN STEPHEN QUARTERMAINE, C.B.E., M.C., B.Sc. (Eng.), 
: President, in the Chair 


It was resolved :— 


That Messrs H. M. Bostandji, D. A. Brown, E. W. Cuthbert, R. W. 
A. Fane, Andrew Henderson, J. A. Johnston, HE. C. Lightbody, 
C. W. Pike, and Harry Ridehalgh, be appointed to act as 
Scrutineers, in accordance with the Bye-Laws, of the Ballot 
for the election of the Council for the year 1952-1953. 


~ The Council reported that they had recently transferred to the class of 


Members 
BERNARD James Cattinan, D.S.0., Jonn Atrrep FisHEr. 
M. C., B.C.E. (Melbourne). Herpert Facent Merrrineton, B.Sc. 
HH. ROLD Ernest THomAs Compton. (Eng.) (Lond.). 
Joun Recrnatp Conz, M.Sc. (Eng.) Grorce Marin Swan, B.Sc. (Eng.) 
~ (Lond.). (Lond.). 
¢ ; 
and d nee tnitiod as= 
ae Students 
Dox Surana ena ABEYWICKREMA. MicuarL Ernest Brown. 
, Howarp ApaMs. - Joun PErcy CoprPer Burcu. 


Tuomas JOHN BURKE. 

DONALD JOHN CHAPMAN. 
DovuaLas CHURCH. 

TERENCE ALEXANDER CREANEY 
Kerra Toomas DEz. 
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Rosert Dosson. 

PETER BRIAN DUGDALE. 

Joun Youna Dutton. 

ARTHUR EpwarD Eaton. 

SreryHanus Petrus ENSLIN. 

Pau Pirr FEARNSIDE. 

RonaLp FELLOWS. 

THANTHULAGE OBESIRI PryApASA FErR- 
NANDO. , 

EpWARD WASLEY FLAXMAN. 

Martyn GERALD GARRETT. 

Davip GEAR. 

PauL MaLcotm GENDERS, 

ALLICK GRIMWOOD. 

KENNETH PETER GRUBB. 

Wiuu1am ArtTHuur HIBBERT. 

DrREK RonALD Epwarp HOLLAND. 

Mark Raymond HoweELts. 

PETER FREDERICK GEORGE HUTCHINS. 

MicHakE.t CouraGe INSTANCE. 

WILLIAM SOMMERVILLE JACK. 

WiLLiAM McLAREN JENKINS. 

Brian Epwarp KENDALL. 

Prem PRAKASH KHANNA. 

Pure Martin King. 

NaATHABANDU THILAKSRI KOTTEGODA. 

JERZY SLAWOMIR ANDRZEJ KULCZYCKI. 

JAMES GRAEME LANG. 

ALAN Moornovuse Leaear. 


and had admitted as 


Graduates 


MicuarL ALEXANDER ERNEST ADAMS, 
B.Se. (Eng.) (Lond.). 

Witiiam JoHN Ricwarp ALEXANDER, 
B.Sc. (Witwatersrand). 

Grratp ALtPpHONSUS ALLEN, B.E., B.Sc. 
(National). 

Witi1aM Francis Arrweii ALLEN, B.A, 
(Cantab.). 

Wiruu1aM Srantey Smita ANDERSON, 
BSc. (Edin.). 

Dinos Nicoraovu APHAMIs, 

Don GunasENA ATHUKORALA, B.Sc. 
(Eng.) (Lond.). 
ILLIAM BANNATYN®, B.Sc. (Glas.). 

NicHoias BARKER. 

Kennetu Bartow, M.Eng. (Liverpool). 

Grorrrey Ernest BARLTROP. 

RicHarp GLYNDWR Barnuzs. 

Tuomas Kenneru Bateman, B.A.,, B.A.T. 
(Dublin)... 

CHRISTOPHER JOHN Braaury. 

Lronarp Monraqunr Bext, B.A., B.A.T. 
(Dublin). 

CoLin Joseru Bennerr. 

Tom GrawamM BEnvuey. 

Joun Granam Berry, B.A., B.A. 
(Dublin). 
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CoLin WALTER LEITCH. 

HeRBERT KENNETH MIoHAEL LuGG. | 

Wit11am McKintay. 

Peter CLEWsS MoRNEMENT. 

Harry GErorcE New. 

OxtrveR Bryan NUNNINGTON. 

Joun ODAMS. 

RoGceR HENDERSON OLIVER. 

KoRUWAKANKANAMALAGE DON 
DASA PERERA. 

Howarp WILLIAM GEORGE POLLEY. 

DonaLp SUTHERLAND Ross. 

Grurrypp OWEN ROWLANDS. 

Tuomas ANTHONY RYAN. 

PETER SAMUEL. 

Micuaret Boyce ScANnEs. 

Joun BEauMONT SHAW. 

Jack Davip SHEPHERD. 

FREDERICK GEOFFREY SHUTT. 

RonaLp CHARLES SINCLAIR. 

LAURENCE JOHN SOFFE. ~ 

FREDERICK CAMPBELL STOTT. 

Morris Hucu Taytor. 

TREVOR GEORGE TAYLOR. 

Joun FREDERICK Rory WESTON. 

PavuL Epwarp WHEELDON. 

JoHN ROBERT WHITE. 

Ivor REGINALD Wona. 


RicuarpD ANTHONY PROTHEROE Bure 
B.Sc. (Eng.) (Lond.). 

TYAGARAJA BHASKARAN, 
dras). ' 


(Lond.). 4 
Joun CLauDE Borrerity, B.Eng. (Shef- 


Crom, BerswortH Bowyer. 
Matcotm Bowyer, B.Sc. (Manchester 
Auan Kerra Brant, B.Se, (Eng.) 


(Lond.). 
ie CrawrorD Bretton, M.A. 


yk 

Joun Cyrit Briaas, B.Se. (Leeds). 
JouN FRANKLIN Brrinina. 
Roxsurt BROADLEY. , 
Granam Dupiey Brown, B.Sc. (E1 


(Lond.). d 
git” Brown, B.Sc. (Leeds), St 
Durex "WaLrer Brypen-Smiru, B. S 

(Eng.) (Lond.). 


ONALD ALEXANDER Bryson, B.Sc. 


oe 


(Liverpool) 
EDERICK Barnes Bunting, B.Sc. 
t) (Belfast). j 
—Rorert Wii114m Burrows, (B.Eng.) 
(Liverpool). 


#Gorvon Busu, B.Sc.Tech. (Manchester). 

CHARLES JOSEPH BUSHELL. 

Morriss Cuaries Butcnsr, B.Sc. (Dur- 
ham). 

ALASTAIR WENTWORTH 
Butisr, B.Sc. (Nottingham). 

Ernest Orro Burts. 

RAayMOND ALFRED CAINE. 

Davin CaLpWELL, B.E. (New Zealand). 

Anaus Murray CAMERON. 

JAMES CARR, B.B. (National). 

JoHN CARRUTHERS. 

Donaup CaRTWRIGHT. 

Pater MicHAEL CHANDLER. 

Jonn ALEXANDER CLARK, B.Sc. (Cape 
Town). 

Tuomas EpwarpD CuaRk, B.Sc. (Wales), 
Stud. I.C.E 

Micusart David CLARKE. 

‘Donatd James Cuirre, Stud. 1.C.E. 

SAMUEL CLINTON. 

Grorces FRANCIS GILBERT CLOUGH, B.Sc. 

_ (Eng.) (Lond.). 

Joun THomas Copp. 

ANDREAS CoETSEE, B.Sc. (Cape Town). 

Joun Epwarp Coreman, B.Sc. (Eng.) 
(Lond.). 

| PereR CoMBER. 

- Prerer CamPppEect Coors, B.A. (Cantabd.). 

| ARTHUR GEORGE HywELu Coomss, B.Sc. 


(Bristol). 
| JOnN Carrp CorFIELD, B.Sc. (Eng.) 
(Lond.). 
- CuaRtEs Roper Cow tn, M.A.(Cantab.). 
£ ee emNcE BERKLEY Crossine, B.A.Se. 
_ (Toronto). 
Wynpuam CROWE. 

Biaisecn CrowTHER, B.Sc. (Eng.) (Lond.). 
| HERBERT Finnay Cummine, B.Sc. (Glas.). 
_ JAMES Bruce Cunnineuam, B.Sc. Tech. 


(Manchester). 
‘s OHN WILLIAM DALZIEL. 


Bran Franors DarsysHirn, B.Sc. 

__ (Eng.) (Lond.). 

4 JOHN GORDON PRYCE Davies, B.Sc. 
(Belfast). 


‘JosreH Wynne Davies, B.Sc. (Wales). 
ae Apam Dz Kock, B.Sc. eae 


Town). 

Joun AnrHony DEMPSEY, B. Eng. 
(Liverpool). 

Donarp Haworrn Dicxryson, B.Sc. 


z (uM Lanchester). 
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ARTHUR DicKson. 


Lro Dirextor, B.Sc. (Eng.) (Lond.), 
Stud. I.C.E. 

AuBREY KzitH Duapatz, B.Sc. (Man- 
chester). 


Bryan Frank EpBrooku, B.Sc. (Bristol). 

Brian Jamus Exny, B.Sc. (Wales). 

RicHarD DEsmonD Etxiort, B.Sc. (Eng.) 
(Lond.). 

Hyacinth Macautay Ernest, B.Sc, 
(Eng.) (Lond.). 

Hueu GLANVILLE Evans, B.Sc. (Wales). 

DonaLp PRICE FErauson, B.Eng, (Liver- 
pool). 

JAMES CHARLES SEMARK FERqUSON, B.Sc. 
(St. Andrews). 

JBFFREY PowxELL Frncu-Gasson, B.Sc. 
(Eng.) (Lond.). 

GoRDON GaRVIN Finuay, B.Sc. (Belfast), 

FREDERICK WILLIAM Fox, B.A, (Cantab. ). 

Norman FRoaGAtt. 

Cxrcr LEonAaRD FRost. 

Prtmr GarBett, B.A. (Cantab.). 

Taw MaciInnus Garpner, B.Sc. (Glas.). 

JOHN EDWARD GARDNER. 

JamES Gav, B.Sc. (Belfast). 

Montaaue Gaynor, B.Sc. (Eng.) (Lond.). 

Joun Hartt Grson, B.Sc. (Eng.) (Lond.). 

Frank Montagu Lucas GLAYSHER. 

RonaLtp RicHARDS GoopwIn, B.Sc. 
(Eng.) (Lond.). 

JACK GRADY. 

JAMES BALLANTYNE Grant, B.Sc.(Hdin.). 

FREDERICK WILLIAM GREGORY, B.Eng. 
(Sheffield), Stud. I.C.E. 

Brian Hatt, Stud. I.C.E. 

Dovetas Epwarp Hatt, B.Sc.Tech. 
(Manchester). 

Water Drxon Hanpiey. 

FREDERICK JosEPH Hanuny, B.E. (Na- 
tional). 

Barry Harpcoastte, B.Sc. (Hdin.). 

Mionarr DerEK HEATHER Hayus, B.Eng. 
(Liverpool). 

Joun BLACKWELL HELLIS. 

Prrrr HeLiiweEw1, B.Sc. (Eng.) hints ). 

JoHN CrirrorD HieGins. 

Grorrrey Hi1s. 

Prrer Hotpren Hitto0n, B.A. (Cantab.). 

Drrmk Montagu Joy Hogan, B.Sc. 


(Eng.) (Lond. 


+) 
Davip JOSEPH PASCOE HOLLINGWworRTH, 


B.Sc. (Birmingham). 
Cartes Epwyn Grorrrey Horr. 
James Horxrnson, B.Sc. (Eng.) (Lond.). 
Davip Nozuu Horean, B.E. (National). 
Tuomas Giumour Howts, B.Sc. (Glas.), 
Donatp Sypney Hupsrets, B.Sc. 
(Eng.) (Lond.). 


MicusrLt Guorce Hurst, B.Sc. (Eng.) — 
os 


»)s 
Junius Kennetu BEVILLE HUTORINSON. 
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Anruony FREDERICK INDERWICK, B.Sc. 
(Eng.) (Lond.). 
Joux Epwarp Jaacrr, B.Sc. (Eng.) 


(Lond.). 
SaTYASENA WICKRAMASINGHA JAYA- 
SEKERA, B.Sc. (Eng.) (Lond.). 
Matcoitm DonaLp Jeeps, M.A. (Cantab.). 
KennetH RicHaRD JENKINS, B.Sc. 
(Wales). 
Avan ALEXANDER Katz. 
Joun Biacar Kxeatince, B.Sc. (Glas.). 
CHRISTOPHER YouNG KERR, B.Sc. (Glas.). 
Eric Hepiey Kurry, B.Sc. (Manchester). 
PreteR JoHN KersHaw, B.Sc. (Eng.) 
(Lond.). 
Kir Soon Kuone, B.A. (Cantab.). 
Wru1am ArtHur Kirpy, B.Sc. (Eng.) 


Lond.). 

Nort Sruart Kirxwoop, B.E. (New 
Zealand). 

Joun Gorpon Kn1ss, B.Eng. (Liverpool). 

Joun Romans Lax, B.Sc. (£din.). 

Joun JAMES Lanaan, B.Eng. (Liverpool). 

KENNETH MANLEY LeEpson, B.Sc. (Man- 
chester). 

Epwarp Stewart EpmMunD LEE. 

Joun ANTHONY BRIAN LEE. 

Tuomas JAMES Corin LEwIs, 
(Birmingham). 

Epwarp Dickson 
(Glas.). 

MicuarL Epwarp Raymunp Lirr_s, 
B.A. (Cantab.). 

Kerra Haypn Livesry, M.Sc. (Leeds). 

Cyriz LLANWARNE, B.Se.Tech. (Man- 
chester). 

Peter Barrie Snow Look, B.Sc. (Eng.) 
(Lond.). 

Joun LrEstizg VENABLES Lomas, B.Sc. 
Tech. (Manchester). 

Keynetu Jon Lupeman, B.Sc. (Eng.) 
Lond 


B.Se. 


Linpgsay, B.Sc. 


( de 

Francois Epwin McCaru1on, B.Sc. (Glas.). 

ALEXANDER Boyp MoCattum, B.Sc. 
(Edin.). 

Donaty Matcorm McDoweEt, B.Sc. (St. 
Andrews). 

Tan Howarp McFaruanr, B.Sc. (Eng.) 
(Lond.). 

Bernarp Kevin MoGrata, B.Sc. (Eng.) 


(Lond.). 


Donatp CrowrHErR MoKay, B.Sc. 
(Wales). 
Davip) Gemmett MoKrnuay, B.Sc. 


(Glas.). 
James Garvin MoKiyney, B.Sc. (Bel- 
fast). 
Dantet MoLxan, B.Sc. (Glas.). 
JouHn ALEXANDER Stuart MoLxop 
pe (Bng.) (Lond). ‘ 
AVID WILLIAM NTON, B.Sc. (Eng. 
_ (Lond.). ee 


ADMISSIONS 


Kumpatt BALASUBRAH ManyaM, M.S 

Tech. (Manchester), B.E. (Madras). 
LEONARD HENRY PAINTER MARSH. 
J 


Artuur James DupLEY MaTHEWS. 
RonaLtp Duncan May, B.Eng. (S 
field). - :% 
Davip ArTHUR Hinps Maysey, B. 
(Wales). 
Maumoop MriaKuHan, M.Sce.Tech. (1 
chester), B.E. (Madras). 2. 
Frank Mickierawaite, B.Eng. (Shef-- 
field). 
James Ancus Mimar, B.Sc. (Belfast), 
Stud. I.C.E. | 
Gorpon MANCHESTER MIL1s, B.Sc.Tech, . 
(Manchester). 
MicHaEt MINTER. 
Joun Srpney MriroHecyt, B.Se. (mM 
chester). ! 
Norman Lower MircHert, B.Se. (; 
Andrews). 
Ancet DonaLp Morean, B.Sc. (Leeds). 
MicuaEL JoHN Moraan, B.Sc. (Eng. 
(Lond.), Stud. I.C.E. 
Wit11am Barn Morean, B.Sc. (Belfast). 
RayMOND STANLEY Morzis. 
Rosert WiLL14M Morris, B.A. (Cantab. 
Suotro Dovetas Patrick Morton, 
Joun lLestre Morron-Smiru, B. 
(Eng.) (Lond.), Stud. I.C.E. : 
Tomas Munro, B.Sc. (Eng.) (Lond. 
Gamit AppuL Nast, M.Sc. (Eng.) (Lond.) 
B.Se. (Cairo). 
Surw Sanat NARAINE. 
Joun Nicworas, B.Sc. (Birmingham). 
ALAN Gnorrrey Norman, B.Sc. (Notti: 
ham). 
Henry McCann O’Hanton, B.Sc. (Glas. 
Diarmuip Micuart O’Heaarty, B.E. 
B.Sc. (National). 
Davin JoHN PatmEr, M.A. (Ozon.). 
KENNETH WALTER PEARCE. 
Joun ApRIAN PerctvaL, B.Sc. (Eng. 
(Lond.), Stud. I.C.E. 
RAYMOND JEFFERY PHILLIPS, 
a ide AtrrepD Puitrorr, B.Sc. (Eng. 


( .). 
Joun Marks Priowman, Ph.D., B.Sc 
(Eng.) (Lond.). 


ingham). 
Victor THomas Povuurton. 
Davin Sotomon PowEtt, B.Sc. (Eng.) 
(Lond.). 
Joun CuaRLes-Pownr, M.A. (Cantab.). 
Grorce Ramacz, B.Sc. (Glas.). 
TrRENCE Epwarp Ramp.ine, B.Sc. 
(Eng.) (Lond.). 
CuaRLes Wittiam AntHony Ruay, B.Sc. 
(Eng.) (Lond.), Stud. I.0.B. 


a ee oa 


v 


he Hon. Nicnonas Ripupy, B.A. 

(Oxon.). 

THUR Rusuyron Riasy, B.Sc. (Man- 

chester). 

3ASIL ALBERT Rina. 

APHAEL Foner Risu, B.Sc. (Eng.) 

(Lond.). 

ETER YEATS Ross, B.Sc. (Aberdeen). 

TmL14M NeEtson Rosertson, B.Sc. 

(Edin.). 

NNETH Epwarp Rosrnson, B.Sc. 

(Eng.) (Lond.), Stud. I.C.E. 

OBERT KENNETH Ivor Rok, B.A., 

B.A.I. (Dublin). 

OHN LEONARD MAXFIELD Rogers, B.A. 

_ (Cantab.). 

Ropert Grorae Russon, Stud. I.C.E. 

Patrick Francis Ryan, B.E. (National). 

JoHN ALEXANDER SANDOVER, B.Sc. 
(Eng.) (Lond.). 

NaGALINGAM SARAVANAPAVANANTHAN, 
B.Se. (Eng.) (Lond.). 

KennetH JoHN Hartey Saxton, B.A. 

_ (Cantab.). 

“Dov Scuretsr, B.Sc. (Witwatersrand). 

Joun Wii Scorr. 

JAMES Lawrie SEALE, B.A. (Cantab.). 

Wirttram Gorpon SHaARROCcK, B.Sc. 

_ (Manchester). 

“Bryan Epwarp SuHIpp. 

GrorRGE Wituiam CHARLES SHUTTLE, 

B.Sc. (Eng.) (Lond.). 

_JoHN Epwarp Simpson. 

Keira Stantey Smita, B.Sc. (Eng.) 

_ (Lond.). 

Kennet RoBert SMyTH-OsSBOURNE, B.A. 

(Cantab.). 

Jack STEIN, B.Sc. (EHdin.). 

Terence LitcHrie.p STILEs. 

_Joun Gorpon Stuart, B.Sc. (Wales). 

_Ropert CHARLES STYLES. 

| KatuiraveLu SUNDARANADARASA, B.Sc. 

(Eng.) (Lond.). 

_ THAMBIPILLAI SUPPIRAMANIAM. 

Harry Svurtourre, M.Sc. (California), 
- B.Sc. (Manchester). 

_ Bensamin HERBERT CHARLES SUTTON, 

. B.Se. (Eng.) (Lond.). 
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Dennis Taytor, B.Sc. Tech. (Man- 
chester). 

KANAPATHIPILLAT THILAGANATHAN, B.Sc. 
(Eng.) (Lond.). 

Davip ALAN THOM. 

Davip Morris THomas. 

Lustin Henry Trompson. 

JOHN THORP. 

RoBertT ERRINGTON TIBBS. 

RicHaRp WILLIAM TRASK, B.Sc. (Edin.). 

Joun Dzacon Trorman, B.Sc. (Bristol). 

Davin Joun Touckwett, B.Sc. (Eng.) 
(Lond.). 

Epwin Witiram Tunna, B.Sc. (Man- 
chester). 

Lronarp ANDREW Bruce TURNER. 

Ivar LEesiin TwELves. 

WALTER SYDNEY TWELVETREES. 

SAMUEL Patrick CHUKWUMA UaGoNna, 
B.Eng. (Sheffield). 

Perr Hetee Utstap, B.Sc. (Birmingham). 

PETER WALKER. 

Gorpon CricuTon Wa.uace, B.Eng. 
(Liverpool), Stud. I.C.E. 

CHARLES Henry OLIver WATERS, B.Sc. 
(Durham). 

Prerer MicHaArEL WEATHERHEAD, B.Sc. 
(Bristol). 

BERNARD WILLIAM WEBSTER, B.Sc.Tech. 
(Manchester). 

LawRENCE West, B.Sc. (Eng.) (Lond.). 

GrorcGr DrrykK WILKINSON, B.Sc. (Dur- 
ham). 

MicHaEL WiLKinson, B.Eng. (Sheffield). 

Ipwat WILLIAMS. 

Joun Tate Wu1tams, B.Sc. (Eng.) 


(Lond.). 

Ricwarp Evan Wr1iams, B.Sc. (Dur- 
ham). 

BERNARD ARTHUR WILSON, B.Sc. (Eng.) 
(Lond.). 


James Gorpon WittsHire, B.A. (Can- 
tab.). 

Goprrny FrREpERICK Guy WORRAKER, 
B.Sc. (Bristol). 

Wit1am Ronatp MacponaLp WYATT, 
B.Sc. (Glas.). 
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JAMES FORREST LECTURE, 1952 


The President said that the James Forrest Lecture had been 
founded in 1891 in honour of James Forrest, who had been Secreta YS 
of the Institution from 1859 to 1896, and Honorary Secretary from 18965 
until his death in 1917. The Lecture about to be delivered was theg 
fifty-eighth of the series. . 

The Lecturer, Mr Harding, had had a wide practical experience of 
soil mechanics and was taking as his subject “ Progress of the Science of 
Soil Mechanics in the Past Decade.”” He had no doubt that in the: 
Lecture Mr Harding would indicate what had been accomplished in tha 
field since Professor Terzaghi delivered the James Forrest Lecture on 
subject a little more than a decade ago, in 1939. 

The Lecture was then delivered. 


** The Progress of the Science of Soil Mechanics in the 
Past Decade ”” 


by 
Harold John Boyer Harding, B.Sc.(Eng.), M.LC.E. _ 


Tar subject for the 58th James Forrest Lecture was chosen by the: 
Council. It is traditional to recall that the first Lecture was delivered 
in 1891 by Dr William Anderson, and that the Council prescribed the 
theme of these lectures as “ the interdependence of abstract science and | 
engineering.” i 
In 1939, Dr Terzaghi gave the 45th Lecture! under the title of “ Soil 
Mechanics—a New Chapter in Engineering Science,” and that was the 
signal for a great increase in British interest and learning on the subject. 
The Council of the Institution had hoped that Dr Terzaghi could have 
returned to Great Britain and given a sequel describing developments 
since that Lecture, but to our loss he has not been able to do so, and the 
Council has honoured me by an invitation to speak on this subject. . 
I have interpreted the title provided for me rather freely, and shall 
deal with the historical aspect in order to leave a record for future readers 
of a colourful period of development in our great profession, which con- 
tinued undeterred and even stimulated, through the greatest conflict in 
history, and greatly encouraged and aided by this, our own Institution. 
The subject of Soil Mechanics has been described as forming one of th 
three major disciplines of civil engineering, the others being the theories 
of structures and of hydraulics. 


' The references are given on p. 679. 


SCIENCE OF SOIL MECHANICS IN THE PAST DECADE 659 


To me, Soil Mechanics consists of : 


the investigation of soil conditions as they exist ; 

the classification and testing of properties of what is found; and 

the application of various theories and practices which have been 
checked against experience, and which explain and foretell soil 
behaviour. ~ 


The subject was officially christened at the First International Con- 

@ference on Soil Mechanics and Foundation Engineering at Harvard 

M@University in 1936. It covers not only soils, but all the materials com- 

‘posing the earth’s crust on which man must construct, and under which, 

‘at times, he has to live. The subject is old, but has advanced more slowly 

M@than many another science. This is due to difficulties inherent in its 
nature. 

The general conditions under which the science of civil engineering is 
carried out have few parallels with any other calling. The atomic scientist 
causes our wonder and amazement by isolating his various materials to 
their simplest form and then causing them to obey his bidding in a fear- 
some and awe-inspiring manner. The metallurgist analyses the natural 
material of his study and moulds it to the form he requires. The 
mechanical inventor continually improves his devices, improving on his 
man-made machine under conditions of his own choosing. 

The civil engineer must go to where his problem lies; he must start 
from nothing and he must take his material and the medium in which he 
works exactly as Nature has laid it down in all her innumerable varieties 
and incalculable moods. So the civil engineer’s work in the field must, 
by its very nature, be primitive, and from its vast size be the concern of 
a number of men. His machines must go to the work, and not the 
materials to his machines; they, of necessity, are generally powerful, 
_ brutish, and primitive. 

__. Among theoretical soil studies the first to develop was Earth Pressure ~ 
Theory, as it applied to banks and walls. The French carried out the 
pioneer work under the spur of military necessity, commencing with 
‘Vauban (1633-1707). Coulomb, whose famous work was published in 
(1766, was a Colonel of Engineers. Later, with the growth of civil 
engineering works, the subject was developed by Poncelet and Collin in 
1840 and 1846. 
_~ During the canal and railway ages in Great Britain the rate of ex-— 
pansion of works in tunnels, embankments, and cuttings in great varieties 
of soil had possibly never been exceeded. The experience gained seems 
to have been handed down almost privately from master to pupil, 
because of the system of training which prevailed at that time, but in 
1844, C. H. Gregory presented Paper No. 668 to the Institution,? giving — 
an account of some slips in the London Clay on the line of the London ~ 
and Croydon Railway (Fig. 1). In his Paper, and in the discussion which 


. 


_ Sir Benjamin was attacking the scientific approach, but that was not so. 
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followed for several evenings, experiences were recorded and theories pro- 
vided of their causes. 

Throughout the publications of the Institution occasional Papers cal 
attention to soil problems and record experience, but they occur as isolated 
phenomena and received little recognition in their time. 

In 1857, Professor Rankine published his Paper ® to the Royal Society) 
on “ The Stability of Loose Earth,” and he repeated the substance of his: 
theory of conjugate stress and its application to earth pressure in simplified 
form in his text books. Rankine concluded the section on “ Earth 
Pressure ” in his Manual of Civil Engineering with these words: “ There: 
is a mathematical theory of the combined action of friction and adhesion } 
in earth ; but for want of precise experimental data its practical utility is 


Fig. 1 
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doubtful.” Some of Rankine’s disciples did not fully understand his 
assumptions and, largely because of their faulty teaching, serious fallacies 
were embodied in the practical application of his theories ; it has even been 
said that Rankine’s work did more to hinder developments of earth 
pressure theory, and so of soil mechanics, than to help it forward. Trul 
great men have more to fear from their disciples than from their opponents 

Rankine’s theoretical approach provoked a reaction when, in 1881 
Sir Benjamin Baker—exemplar of common sense—delivered his famous 
Paper * before the Institution on “ The Actual Lateral Pressure of Earth- 
work.” It has been thought by some who have not studied the Paper that 


He complained of the want of experimental data, so that individus ) 
judgement had to be exercised in each instance without that aid from 
careful experimental investigation and observation which at that time was 
the root of progress in almost every other branch of engineering, = = 

The bulk of the then existing literature, he said, consisted of arith- 
metical changes rung on a century-old theory. That provoked Professor 
Boussinesq to repiy in correspondence by ringing no less than twelve pages 
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Wjof mathematical changes without producing much of practical value at 
the end of it. 

Baker went on to say that it is far more simple and direct to assume the 
thickness of the wall than to derive the latter from equations based on a 
number of uncertain assumptions. 

“This being so,” he continued, “it has often struck the Author that 
the numerous published tables giving the calculated required thickness of 
retaining walls to three places of decimals, rely upon exactly the same 
scientific basis, and have the same practical value, as the weather forecasts 
for the year in Old Moore’s Almanack.” 

The attention of engineers had been focused upon soil problems, but it 
was diverted into mathematical theory, because that was the prevailing 
fashion of the period, and possibly retarded the development of sampling 
and testing techniques. It is the purpose of this Lecture to show that we 
have progressed a long way in the last decade towards providing data so 
that calculations can be made which are not based wholly upon assump- 

tions. , 

In 1915, A. L. Bell presented to the Institution his Paper on “‘ The 
' Lateral Pressure and Resistance of Clay, and the Supporting Power of 
' Clay Foundations,” and he followed it up by his Paper to the Engineering 
Conference in 1921 on “ The Bearing Power of Soils.” Bell’s formula, 
which he then published, has become accepted throughout the world. 
_ This British pioneer was far ahead of his contemporaries, and it was 20 
_ years before his work bore fruit in his own country. 

In 1933, a Soil Physics Section was started in the Building Research 
t Station to continue the research which Professor Jenkin had started at 
_ Oxford on lateral earth pressures. The British Association Committee on 


- Institution of Civil Engineers Research Committee on Earth Pressures 
took over responsibility. That Committee later became the Soil 
- Mechanics and Foundations Committee of the Research Committee of 


_ the Institution. They reviewed the work in progress in laboratories in 
_ Great Britain and were eventually responsible for publishing in 1950 the 
_ Bibliography on Soil Mechanics,® which contains 3,300 references. 

P The rapid development of the work in Great Britain was thus greatly 
~ helped by this Institution. The Building Research Station also undertook 
: research in soil problems relating to roads on behalf of the then newly 
_ formed Roads Research Board, and at once began to follow the lines along 
- which soil mechanics was developing abroad, 

In June 1936, there appeared in the Journal a note on “ The Shearing 
- Resistance of Soils ” in the Report of the Institution Research Committee. 


In 1936, Terzaghi made the second essential step after Coulomb by a 
- calling attention to the influence of small movements on the distribution _ 
of earth pressure; also to the importance of understanding the soil — 


properties, and to the development. of methods of measuring them.” 


~ 
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The words “ Soil Mechanics ” first appear in the Index of the Instituti 
publications when a report appeared, in the Journal for November 1936, 
the First International Conference on Soil Mechanics and Foundati 
Engineering held at Harvard, U.S.A. Two hundred delegates h 
assembled from twenty nations, which shows how much interest had been 
stimulated in other countries. Only one British delegate attended an 
two British Papers were presented.® ® 

The Second International Conference on Soil Mechanics and Foundation | 
Engineering was held at The Hague in 1948. There were 596 participants | 
from thirty-eight countries. There were sixty-nine British delegates and | 
sixty-seven British Papers were published. Thirteen British laboratories | 
presented reports on their organization and equipment. f 7 
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Diagram or Sure at CurnarorD RESERVOIR 


Certain works often act as milestones in progress, and are the cause of 
sudden development. In 1937, the partly completed earth bank of 
Chingford Reservoir failed by a slip in the soft alluvial clay which lay 
between the bank and the river gravel (Fig. 2). This was the first occasion 
on which the heavy excavation plant of tractor and scraper had been use d 
in Great Britain, with its great acceleration in the rate of bank building. 

The team of young enthusiasts at the Building Research Station seized 
the opportunity to leave small-scale laboratory research and carry out. 
full-scale investigation into this unfortunate but important occurrence. 
They produced diagrams explaining the cause of the slip, which have sin e 
been published in a Paper.!0 At the same time Dr Terzaghi was called in 
for his opinion ; it completely vindicated the Building Research Station’s 
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olution, which previously had been viewed with some scepticism by older 
@members of the profession. He also produced a revised design for the 
gbank (F%g. 3), which was to be based upon measured values of the strength 
Hof the soils as the work proceeded. 
This occurrence, and the confidence which it gave to those interested 
jin the subject, provided an impetus to the development of soil mechanics. 
§ Universities, Railway Companies, and Government Departments, and even 
“private firms sent selected engineers to the Station for instructional 
purposes. The Station was then overloaded with soils work, and these 
men were put to work to assist the permanent staff, so that they were 
grounded in the subject by that valuable method—practical experience. 
_ This rapid increase in interest reached a new peak when the Institution 
invited Dr Terzaghi to deliver the James Forrest Lecture in 1939, which 
attracted an audience who could absorb the implications of his Lecture. 
‘Those who were fortunate enough to hear him deliver his Lecture in this 
room will recall the impact of his strong, but curiously impersonal person- 
ality, and the thrill and feeling of real excitement which he produced in a 
way not often felt in these surroundings. At that time in Great Britain 
the subject was being studied by only a handful of people, and on reading 
his Lecture again it is astonishing to see how much Dr Terzaghi covered 
_and how far in advance of his contemporaries he was in 1939. In fact, the 
dogma has not increased. The disciples have become far more numerous. 
These are the principal sections into which he divided his lecture, 
_ compared with subsequent developments in each case : 


The Pressure of Earth on Lateral Supports 

He showed that in the case of sands the contradiction between theory 
and practice had, in the preceding 20 years, ceased to exist, but in the 
case of clays he said that, since the complete mobilization of shearing 
__ resistance was not realized, problems dealing with the pressure exerted 
by clays under field conditions were beyond the scope of earth pressure 
theories in general. . 

“Tn our future treatment of these problems,” he said, “ we must 
choose between maintaining our present state of ignorance, and acquiring 
a stock of reliable experience by systematic measurements and identi- 
fication tests in the field.” 

The stock of reliable experience for which he asked has been acquired 

- to a considerable extent over the last decade by systematic measure- 
‘Inents. 

Owing to the enlightened attitude which has developed, facilities 
have been given on a number of large-scale works for the recording of 
actual stress measurements in cofferdams, trenches, and tunnels (F1g. 4*). 

It can now be maintained that the pressure on trench linings and the 
like can be predicted with sufficient accuracy for practical purposes, 


_* Figs 4, 7 to 12, 14, and 15 are photographs and appear between pp. 670 and 671, 
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from a knowledge of the shear-strength characteristics of the soils, as 


many full-scale measurements have shown. 


< Stability of Slopes and Failure of Dams Due to Piping 


Terzaghi described the work of Fellenius and Olsson and the so-called 
“Swedish Method” of determining the degree of stability depending 
upon tested properties of the soils. He emphasized the importance of 
the effect of porosity and compaction, and the nature of flow slides, 
and related those problems of seepage forces with the failure of dams 
due to piping. Dr Terzaghi showed that Bligh’s ratio,11 which was of 
outstanding importance in the state of knowledge when it was published 
in 1910, was really faulty in certain assumptions, and he described. his 
own work on horizontal inverted filters as a correction to possible piping. 

Since 1939, many failures have been analysed, especially in clay soils. 
In Britain the term ¢ = 0 has come into common usage to describe the 
much simplified method applied to cohesive materials in which the shear 
strength is assumed to be half the unconfined compression strength. 
Simple though it is, the portable compression apparatus first devised 
in Britain and now in use all over the world is a notable advance in field - 
technique. 

In a number of cases where slips have started it has been possible 

to calculate the strength of the soil from a knowledge of the mechanism 
involved, and so design remedial measures which were based on a low 
but adequate factor of safety. 
_ Figs 5 is a drawing, by courtesy of the Port of London Authority, 
of the Gallions Entrance to the Royal Albert Dock, constructed in 1885. 
The section in Fig. 5 (a) shows the timbering and excavation originally 
proposed according to borings taken. Fig. 5(b) shows a slip which 
occurred during excavation. The circular nature of such slips was 
recorded in those days, but for lack of means of testing for strength 
the borings could not be put to properuse. Fig. 5 (c) shows the work 
as carried out, with a greatly reduced amount of open excavation. 

The Gallions Entrance is now being reconstructed, and it was 
necessary to calculate the stability of the wall when the invert was cut 
out. That was done by means of strength tests from fresh borings, but 
the slip in Fig. 5 (b) was used as a means of calculating the shear 
strength of the soft material behind the wall as a check of the wall’s 
stability. 

Much progress has been made in the solution of piping problems by 
the development of improved methods of flow-net analysis. These 
include the theoretical approach, such as the application of relaxation 


-. methods to flow-net problems, and on the practical side laboratory 


model-technique has been improved with the aid of simplified electrical 
methods, but all these theories refer to homogeneous materials. - 
We must always remember the great practical importance of even 
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Fig. 5 (c) 
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small departures from uniformity, which occur so constantly in nat 
Theoretical solutions must be balanced by practical experience. 
In several recent large excavations in which analyses have 
made by these methods, their limitations have been proved on excava-- 
tion by the degree to which the ground varied from the ideal material | 
which had to be assumed. A certain degree of empirical correction will | 
always be necessary in such cases. 


The Consolidation of Clays and its Practical Consequences 

Dr Terzaghi pointed out that the older text books on engineeri 
allowed the time element to pass unnoticed, and he stressed how import 
ant the time element is in the case of consolidation of soft clays, especiall 
if water is withdrawn from under the clay layer. Although, since th 
considerable work has been done on the theory of consolidation, the 
simple theory propounded by Terzaghi still proves adequate for mos’ 
practical problems. The theoretical aspect has not changed, bu 
understanding of its importance has become widespread and led to 
interesting Paper 12 on “The Settlement of London Clay throug. 
Drainage of the Chalk.” 

Since the publication of the Theory of Clay Consolidation,1® man 
cracks have been noted and reported upon which previously had 
unexplained, and sometimes unnoticed, as in the case of the tower of 
Westminster Cathedral]. It has become a commonplace to investigat 
and forecast settlements from consolidation tests, and engineers no 
design for settlements, where 20 years ago they would have been horrifie 
to contemplate such settlements, even though they constantly occurred. 


Settlement of Footings and of Raft Foundations 

Terzaghi, within the limits of space in his Lecture, referred only to 
consolidation of material below the footing. Another criterion exists— 
that there should be an adequate factor of safety against shear failure. 
Several failures of foundations on soft clay have been analysed in Great 
Britain, again using the ¢ = 0 method, among them those of oil tanks— 
a problem of increasing importance—and now, from measurements of 
shear strength, it is possible to predict a bearing pressure which will be 
safe against the shear failure of the soil. 


| 

Settlement of Pile Foundations . | 

Dr Terzaghi impressed his listeners by saying that the widespread 

opinion that a favourable outcome of a loading test on an individual pile | 
excluded the possibility of serious settlements of an entire pile founda- 
tion, was among the most incomprehensible and detrimental prejudices 

in the field of civil engineering. This lesson has been learnt by some, 
and several large power stations have recently been constructed where 
foundation piles have been driven through soft compressible layers, 
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even at the expense of difficult pile driving, in order to avoid dangerous 
_and differential settlements of the whole structure. 

It is also at last beginning to be realized that a piling formula is 
_ hot an accurate assessment of pile-bearing capacity, and that only actual 
loading tests to failure give true results. The Research Committee has 
asked for data of tests to be sent to them, and it is indicative of how 
few tests are made that the response so far has been so meagre. 

The note sounded throughout the Second Conference was the need 
_ for mote recorded ‘experience in every field of the subject. This 
_ especially applies to piles and pile driving, because the reliance on 
_ formulae only was severely attacked. We now know that there are 
unexplored phenomena in the effect of driving piles into undisturbed 
clay on the compressibility of clay located between the piles, and that 
negative shear friction can develop which drags the pile down and 
forces its point deeper into the sub-stratum. 

In sands the pore-water pressure and the effect on them of driving 
can have varied results. Pile driving in layers of loosely packed fine 
sand causes excess pore-water pressures, and so a temporary drop in 
penetration resistance of the soil. After some time, as soon as the 
excess pressure has gone, penetration resistance rises again. So that 
pile-driving formulae based on a certain penetration per blow cannot 
provide a measure for the bearing capacity of piles driven into loose sand 
layers. 

This hot desire to find a formula and apply it to all sorts of piling is 
due to a wish to have a ready-made answer in order to avoid the work and 
cost of loading tests, which are always expensive. Such a formula must 
remain most approximate, unless correlated to actual tests on the site. 
_In Great Britain, piles are seldom driven into one uniform type of 
ground. There is still work to be done in examining, by means of 
_ undisturbed samples, the alteration to strata: between piles after driving. 


| Sampling and Testing 
In the last two decades in Great Britain the advance made in sampling 


and testing, upon which all applications of theory and practice depend, 

has been astonishing. The techniques of Soil Mechanics have been. 
extended to cover soft rocks which lie beyond the stiff soil range, and, in 
fact, the whole geological field as applied to construction work, linking 
with geology in a quantitative manner. 

Before the First Conference, site investigation had been conducted in 

a crude way. In the United States of America, wash borings were much 
used, with soil identified by the washings from the wash water, regardless 
from what level it originated. In Great Britain, samples were left to 
dry out in wooden boxes, so that ultimately they bore no resemblance 
to their original form. Now, in 1952, thin-walled sample tubes are — 
standard practice, with samples kept in air-tight containers and 
| £2 
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carefully re-described, according to Codes of Practice, to check the« 
description of the boring foreman. 
In Great Britain, which contains more varieties in geological depositss 
than any other similar area, it has been found expedient to try to develop: 
a simple form of sampling which is most likely to sueceed, whatever 
conditions are revealed. : 
The problem of sampling sands was not really solved until the 
development of the compressed-air sampler (Fig. 6), which is the mos 
important sampling advance in the last decade. 


Fig. 6 
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In 1939, the principal testing machines which had been developed 
were the shear box, the unconfined compression apparatus, and the con- 
solidation press. These have proved to be the most suitable for British 
conditions, although in other countries other tests have been developed 
which are more suitable to their particular problems, which depend upon 
their local geology. 

___ By 1952, the development in laboratory apparatus has been more in 
the direction of perfecting these machines and improving them rather 
than developing any revolutionary tests. Early apparatus had limita- 
tions if stones occurred in samples, since small-scale test specimens 
could not be prepared. This has been overcome by the development 
of the tri-axial apparatus in which a complete core of 4 inches diameter 
can be tested, and by shear boxes with a surface area of 1 square 
foot (Figs 7-12). 

Methods of in-situ testing have been developed to a greater extent, 
the most important being the vane test for use in soft and very sensitive 
clays and silts (Figs 13). This has now got beyond the more primitive 
form, and the mechanism is being constructed to instrument-makers’ 
standards. 

Several speakers in recent discussions mentioned vane-test results as 
giving higher strengths in soft clays of a very sensitive nature than given 
by testing ‘‘ undisturbed ” samples. They appeared to wish to deride 
the latter. As some will foresee, as the inversion of the first criticism, 
already there are those demanding vane tests in a stiff fissured clay, 
which is absurd. This is an example of the lack of thought and appre- 
ciation which often causes such criticism. 

The vane test was designed purposely to try to overcome the 
sensitivity of certain soft clays, which made sampling difficult. In non- 
sensitive clays the results given are the same. It should be obvious 
that to obtain 100-per-cent non-disturbance by driving any sampler or 
even a vane into a very sénsitive clay is not possible. The title “ un- 
disturbed ” is understood by soil mechanics workers to mean as un- 
disturbed as humanly possible, as distinct from samples disturbed by 
boring tools. In soft sensitive clays a sample will be weaker than the 
original material, an error which is on the side of safety. 

- Some construction methods, such as pile driving or mechanical 
excavation, may reduce the shear strength of sensitive clays to that 
measured by the normal sampling and testing procedure. We need to 
find the real strength before, during, and after constructional operations. 

It is interesting to speculate on the mental process which prefers a 
test which gives a higher strength, regardless of which result is nearer 


the truth ! 


‘Diamond drilling has long been practised in mining, but before 1946 _ 
was rarely used in civil engineering site investigation. This is due to 
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he long popularity of chilled shot boring in the softer English strata 
oroducing large diameter cores, but the very hard schists encountered in 
the Scottish Hydro-Electric works called for extensive diamond drilling. 
it is symptomatic that at first some engineers were slow to appreciate the 
value of raking holes for finding faults under rivers, or other purposes, as 
they were accustomed to borings being vertical where chilled shot was 
used. Diamond drilling is now extensively used to prove bedrock and so 
fo avoid the mistaking of enormous boulders for bedrock. 

The Paper !4 on the famous Silent Valley Reservoir episode is important 
fo us all. 

The scope of geophysical surveying, which forms a link in Soil Mechanics, 
has also been increased, and both its benefits and limitations are more 
widely appreciated. 

Resistivity methods were first hailed as a cheap way of getting quick 
results. But in some cases where these were not related to borings, wrong 
deductions were made and so the method fell for a period into disrepute. 

Fig. 14 shows a resistivity survey being carried out across a river in 
Fiji. The ropes are at an equal distance apart. Electrodes were sus- 
pended into the water from the ropes, and measurements were made every 
20 feet across the river as the electrodes were moved along the ropes. 

The seismic method, which at first was considered less suitable in civil 
engineering, has been used to a greater extent in recent years, and in 
certain conditions is an improvement over the resistivity method. Fag. 15 
shows a seismic shot being fired in a river in Pakistan, with geophones, or 
vibration pick-ups, situated on the bank of the river. Several shots were 
fired across each section of the river to be investigated. 

Tn all these the Code of Practice rightly insists on calibration of readings 
to actual borehole results, since deductions from the unseen in such a varied 
field as the subsurface of the earth has led to erroneous results on occasions 
where desire for economy and over-confidence in deductions has led to false 
assumptions in design. 

In the Second Conference, speaker after speaker emphasized that what 
we needed was the greatest possible number of carefully recorded observa- 
tions of practical examples rather than fresh theories. The progress in 
the last decade has been on these lines and can be seen by the greatly 
extended facilities for taking samples and testing, and the extent to which 
these have been used. 

In 1937, there were in effect only two laboratories in Great Britain which 

could undertake soil tests, and these were equipped only for research. In 
1951, thirty-four laboratories reported to the British National Committee 
from Universities, Research Stations, and private enterprise. 
When the war started in 1939, the sudden stirring of interest received 
a momentary setback. However, much earthwork had to be carried out 
at filling factories, airfields, and war-time constructions, and the Building’ 
Research Station quickly became busy in investigations of sites and also 
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of earthwork and foundation failures as they occurred. No more fert 
field of experience could be found than full-scale research in this way. 

An informal Discussion Group was formed, which met in this Instituti 
in 1940-41, but was interrupted by increased enemy activity. 

The work of the Site Investigation Codes of Practice Committee sta: 
in 1943 at a time when the interest in the subject was increasing. Variot 
Papers delivered to the Institution mark the development in Great Britai 
During the period of the war the Institution of Civil Engineers rn 
more than thirty Papers on Soil Mechanics subjects. These Papers w 
welcomed by workers in this field. New definitions had to be learnt, 

a description of strength tests, which the average engineer could not ther 
readily obtain, made them appear academic at first, but as facilities f 
testing multiplied, so the value of these Papers became better appreciate: 

Since 1939, the Road Research Laboratory has carried out much wo 
on soil problems, but owing to the post-war road programme bein 
negligible, they have been prevented from putting their research int 
practice on a large scale. But Soil Mechanics has been applied to runwa 
to a considerable extent. In 1939, runways in concrete were coming in 
use in place of grass surfaces, in order to cope with ever-increasing weigh 


‘of aircraft and their increased impact loads. The wartime airfield con 


struction programme was the most intense concentration of one type 
construction since the original railways. At first, designs were m 
depending upon assessing a thickness of concrete. It was during the w: 
that soil engineers were able to impress upon the authorities the fact t 
the most important factor was the strength of soil supporting the carpet 
and the need to spread the load by thickness rather than strength wa 
realized. | 
Most methods so far in use are empirical and semi-empirical, such a 
the California Bearing Ratio and plate-bearing tests. But Papers befor 
this Institution have suggested methods based on measuring the strengtl 
of the soil rather than the strength of the concrete. | 
Soil stabilization had been developed in the United States as a means 0 
making roads and runways in areas where only the natural soil material 
were available. This method consists of careful compaction, with th 
addition of a stabilizer to assist in binding, but primarily to repel absorptio: 
of water which causes softening. The optimum moisture content at whic! 
such material should be compacted became the dominant test. Her 
again too much was hoped for at first in Great Britain—a predominantl 
clay country—and engineers sometimes failed to realize that a stabilized 
soil road consisted of a soil which had been compacted and that this coul 
not possibly be compared to a first-grade arterial road. ; | 
In the summer of 1945, the Institution arranged for a series of fou 
lectures 15 on Soil Mechanics, which drew big attendances and many copie 
have been distributed and read. These summed up the previous work i 
a convenient form: In another Paper,!6 on “Soil Drainage with Pat 
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ticular Reference to Road Engineering,” the suggestion was put forward 
that a Paper on engineering biology would be of importance. The Institu- 
tion followed up this suggestion and held a four-day conference 17 in 
September 1948 on “ Biology and Civil Engineering.” Valuable Papers 
were read on soil erosion, vegetation for stabilizing slopes, and algae 
growth and their effects on design, but most important of all, the effect of 
vegetation on the settlement of roads and structures. These Papers gave 
striking examples of the effect of roots of trees and vegetation in causing 
shrinkage failures in the foundations of buildings and roads. 

The Codes of Practice Committee on Site Investigation was in constant 

Session during the latter part of the war and until 1951. Quite a large 
"part of this Code (which is permissive and not compulsory) is of an educa- 
_ tional or informative kind. This has been criticized by some but welcomed 
by the majority. The geological portions are of considerable. value, and 
_ the standard descriptions are based on soil properties and not local names. 
- The Code concentrated upon uniform descriptions and tabulation of soils, 
according to their properties, and a much-needed division between clays, 
silts, and sands. 
_ A Paper 38 of great influence was “ Particle-size in Silts and Sands,” 
- which examined the several rival classifications and came down heavily on 
the side of the M.I.T. granular sizes. It showed how the divisions in this 
sizing curve were definitely related to changes in properties and also the 
_ engineering expedients applicable to them. This influenced the Committee 
_ to accept the M.I.T. System for the Code. 

It is as well that such Codes are only permissive, for much damage 
can be caused to the profession and to industry by ill-informed lesser 
officials relying blindly upon a Code without the knowledge to apply it 
with discretion— 


“SAE “ Yew eees © 
Wry ye vee 


“ But man, proud man, 

Drest in a little brief authority, 

Most ignorant of what he’s most assur’d, 

His glassy essence, like an angry ape, 
3 Plays such fantastic tricks before high heaven 
: As make the angels weep.” 


4 _ After 1945, the ability to move about the world once more led to an 
extensive interchange of ideas. Government missions to Germany in 1945 
proved that there had been little advance in that country during the war 
compared with our own, except for L. Casagrande’s use of electro-osmosis 
in difficult silts. So far as Great Britain is concerned, vigorous contacts 

and co-operation between European workers and the U.S.A. culminated in 

‘the Second International Conference on Soil Mechanics at The Hague in 

1948, held concurrently peat the Second Conference on Underground Town 


Planning. ¢ 
_ This Conference led to the pena of the International Society ef 
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Soil Mechanics and Foundation Engineering, to keep alive the genera 
interest by forming National Committees, and preparing for the Third 
Conference in 1953. 4 

The British National Committee has six members nominated by the 
Institution and six elected by the subscribing members of the British 
Section, which, in 1952, number 129. Although this Section is independent 
of the Institution, the secretarial work and use of rooms for meetings is 
provided by our Institution. The British Committee reports each year 
to the International Society. The report is divided into twelve sections, 
and members are invited to give a short reference to the work which oe 
have carried out during the year in any section, so that those interes 
can communicate with them and exchange experiences. . 

In 1950, the British Section organized a European Conference on the 
Shear Strength of Soils, which was held at the Institution. 

The result of these international exchanges and visits to European 
countries led to personal friendships and correspondence between workers 
in these fields. A small group of English workers formed the Geotechnical 
Society and founded a private journal called ‘‘ Géotechnique,” published 
in French and English, being supported by subscribers in twenty-eigh’ 
countries. This magazine appeared twice yearly and was devoted to 
Articles and Papers on Soil Mechanics and related subjects. After two 
years of successful and increasing circulation the free labour and time oj 
the enthusiasts who started it was becoming overburdened, and in 1950 
the Institution of Civil Engineers took over the secretarial work, publice 
tion, and distribution, and nominated an editorial advisory committee 
This healthy child of enthusiasm has now become the organ of the British 
Section of the International Society, and is issued to subscribing members, 
The Proceedings of the Shear Strength Conference were published in th 

numbers for December 1950 and June 1951. 

At the Second Conference it was emphasized that the practical appli- 
cation of Soil Mechanics requires a compromise between the methods 0! 
the exact sciences such as the theory of structures, and those of the 
empirical ones, like geology. This truth is not always welcome to the 
ultra-mathematical mind. One Dutch engineer quoted an engineering 
physicist who had said to him “I do not see the difficulties in soi 
mechanics. You have only to draw up the appropriate differential 
equation for every problem and solve it to be able to calculate all you 


want.” 


Recent developments have shown the relation between the actua 
execution of works and the soil mechanics problems of foundation stability 
Terzaghi in his Lecture emphasized that difficulties with soils arise almost 
exclusively, not from soils themselves, but from the water contained ir 
their voids—a remark which almost echoes Gregory in 1844. This applies 


not only to their strength or loss of strength, but also to difficulties me 
with in actual construction work. 


P 


_ 
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__ In one of the four Institution Lectures on Soil Mechanics in 1946 the 
{distinction was made between methods by which the load is suited to the 
soil, and methods of suiting the soil to the loads. These covered methods 
of compaction, both superficial and i in depth, artificial cementing, removal 
of water by various methods, “ exclusion’ of water by cofferdams, and 
such refinements as base exchange and electro-osmosis. 

The most important tests affecting this branch are sizing analysis, 
‘permeability, and density determinations. The title ‘‘ Geotechnical 
-Processes”” was applied to these methods and their relation to Soil 
Mechanics as a science was established in those Lectures, and is a British 
contribution, as were many of the original steps in the field, even if—as so 
- often happens—others carried out the interim exploration. 

Freezing was undertaken in mine shafts for the first time in 1862 in 

South Wales as a means of overcoming water problems. The principle 
of pumping to draw water away from works by means of a number of 
- wells instead of to them by sumps, which was first applied by Stevenson 
_at Kilsby Tunnel, was later developed as groundwater lowering with filter 
wells in Germany, with remarkable results, by using deep-well submersible 
" pumps, especially in artesian waters. At the same time a simplified form 
_ of well-point pumping developed in the U.S.A. was originally based on the 
- British driven pipe-tube well, which had been used by the British Forces 
_ in their successful advance to Magdala in Abyssinia in 1868. 

Following the use of cement and lime grouting behind Greathead’s 

tunnel linings, cement injections were developed. The injection of 
4 chemical solutions was found to be a means of cementing sands. Bitumen, 
- clay, and asphaltic injections followed. 
E In a Paper 9 on “The Choice of Expedients in Civil Engineering 
- Construction ” the theme was developed and examples given, urging the 
necessity for sizing curves to be published, when quoting examples for 
records, in order to show not only what was done, but also the type of soil 
in which it was done. The choice of expedients is closely related to the 
grain size of the soils concerned, as well as to the means of access to the 
: eer soil which requires treatment. It has been a considerable 
_ scientific advance to be able to recognize the limits in which success may 

_ be possible, and not to be carried away by hope that success can be obtained 
~ in unlikely conditions. 
ei The neglected factor of time is also Ieuan in drainage. Many 
_ works have been made more difficult than necessary by ignorance of the 

laws of the flow of groundwater, and of the fact that slow drainage can 
. achieve success in cases where undue impatience could cause failure. 
_ Engineers and builders sometimes boast of works where they have “ over- 


: 
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; 
4 
4 
a 
q 


come a difficult pumping problem,” when in reality their difficulties have Ze 


_ been largely of their own making. 
Electro-osmosis has been written up to some extent following successes, 
in the war at Trondheim in making excavation possible in a fine silt. 
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Such a process is dependent upon the soil being suitable, and it can 
obstructed by varied soil conditions in the same way that injections 
drainage can be obstructed by impermeable or unsuitable beds. In G 
Britain thick beds of silt seldom occur, and so this process has had 
suitable fields for application. 

In the first James Forrest Lecture the interdependence of abst 
science and engineering was insisted upon by Dr Anderson, and ma 
the theme of these Lectures. It is stressed by a warning which he gav 
and which Terzaghi quoted: “‘ There is a tendency among the young an 
inexperienced to put blind faith in formulae, forgetting that most of the 
are based upon premises which are not accurately reproduced in practice, 
and which in any case are frequently unable to take into account collateral 
disturbances which only observation and experience can foresee and 
common sense provide against.” Terzaghi’s reason for quoting that 
sentence was that in 1939 he was greatly concerned about the self: 
confidence inspired in many members of the incoming generation of 
engineers by new knowledge unaccompanied by experience. This concern 
about over-confidence is well justified. During the development of the 
new science some young men were better acquainted with recent theorie 
than older and more experienced men, whose very eminence and immersion 
in their work handicapped them from studying in detail the more recent 
writings. No amount of theory can succeed unless balanced by some 
practical experience in actual execution of work in order to understand 
not only the varieties of the ground, but also the limitations, practical 
and economic, within which it is possible for man to act. 

The saying of Dr Hamilton on Perronet is worth quoting once more 
in relation to Dr Terzaghi himself : 


“ His work, like that of Smeaton, Telford and Rennie in this country, 
was broadly based on shrewd intuition, backed by a capacity for applying 


theory when he found it helpful, without being intimidated by it when it: 
conflicted with his judgment.” 


ConcLusIons 


In this Lecture an attempt has been made to leave behind an account 
of how the new chapter in engineering science has expanded to the con 
clusion of its first volume. Those who wish to study it in detail should 
consult the seven volumes reporting the Second Conference, the four 
Lectures published by the Institution, and the articles in “ Géotechnique.” 
Soil Mechanics is also dealt with in the Codes of Practice for Foundations, 
Earthworks, and Earth Retaining Structures. . 

British soil scientists, though slow to start compared with transatlantic 
developments, have since expanded rapidly, until the British school of 


soil so pr thought and experience is as developed as that of any 
country. ‘ 
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T have attempted to show how eat it has been the influence and 
encouragement of this Institution which has helped the research and 
recorded in Papers and Lectures the results obtained, and, by organization 
and hospitality to international societies, helped to foster the interchange 
of ideas and experience. 

When young engineers first read our Proceedings they may feel that 
they draw little benefit from them. It is only after amassing some 


experience that the searcher can see the real wealth of information and 
value which they contain, The small points in odd Papers add up to a 
considerable body of fact. They are the work of many minds, and contri- 


_ butions to a discussion, by recording or confirming an experience, can add 
_ to the.vast accumulation of knowledge which can only be glimpsed by those 


with the time, interest, and experience to delve into the older Papers of 


_ predecessors. 
Let us hope that many more will be presented, for it is only by the 


: combined efforts of all its members that our great profession can expand 
_ its knowledge to the use and convenience of man. 


In Boswell’s London Journal is a saying of Dr Johnson which will serve 


as my conclusion : 


“ He said that human experience, which was constantly contradicting 
- theory, was the great test of truth. Experience built upon the discoveries 


: of a great many minds was always of greater weight than the mere working 
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of one mind, which can do little of itself.” 
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Mr W. K. Wallace, who proposed a vote of thanks to-Mr Harding for 
his Lecture, said that to some extent he was wasting time in doing so, 
because it was quite obvious to everybody that the meeting had enjoye 
the Lecture and, in enjoying it, had recognized its value. Soil Mechanics 
was one of the children which had grown up very rapidly and, if it had not 
come of age, at least it had attained a very considerable stature. 
Wallace’s first contact with Soil Mechanics, although it was not then given 
that name, had been through reading Professor Terzhagi’s earlier articles 
in the technical press. Subsequently, he came into more direct contact 
with it when the Building Research Station asked railway engineers to 
give their staff opportunitites of seeing any interesting cases of failure. 

Mr Wallace remembered a number of gentlemen arriving from Garston 
' to look at retaining walls which had ceased to retain and at structures 
which were intended to be static but were, in fact, moving; and he 
remembered having some trouble with some of the more senior members 
of the staff who were rather hurt by the idea. Those senior members had 
been running a district for about 25 years and then had had this unfor- 
tunate failure, whatever the cause of it might have been; and then a 
youngster had come down from the Building Research Station—a 
youngster whom they would scarcely have allowed to hold a tape when 
measurements were being taken—to tell them how it had happened. 

Mr Wallace said he had felt some sympathy with those senior men, 
because there was a curious delight in a failure among the visitors from 
the Research Station. He recalled going to see a wall which had been 
giving some trouble—it had been moving and producing a most peculiar 
gradient on a road which was supposed to be flat—and he had found a 
Building Research Station man, with two assistants, boring holes in the 
ground, _He had asked how they were getting on, and the reply was, 

Splendidly, it is moving so fast that when I take it out of the hole, 
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clear it, and then try to put it down again, it has moved far enough in 
the interval to prevent me from getting it down the old hole. I know 
exactly the plane of cleavage.” Whilst a maintenance engineer would not 
be expected to behave as if he were at a funeral on such an occasion, he 

‘should at least express regret; instead of which that young man was 
absolutely delighted at an incident which was upsetting the lives of a 
lot of people. It was not unreasonable, therefore, Mr Wallace com- 
mented, that such visitors had not been very welcome. 

But Soil Mechanics had lived that down, and that was partly because 
people had grown older and more tactful. It was also partly because 
they had become more accustomed to it. It should be remembered that 

_very often, as an engineer advanced in his profession he became less of an 
engineer and more of an administrator, and it was therefore difficult for 
him to keep in touch with the latest ideas and methods. When such a 
man, after years of practical experience, was suddenly and rather abruptly 
corrected by somebody very much his junior, the reaction was apt to be, 
if not physically violent, at any rate mentally violent. 

It was well that Soil Mechanics had developed to such an extent. It 
was now part of the regular procedure to insist upon a proper investigation 
being made before undertaking a job. : 

Mr Wallace said that Mr Harding had given a masterly analysis on how | 
the advance had proceeded during the last decade and members were 
indebted to him for giving such an excellent résumé. 

| Dr Guthlac Wilson, who seconded the motion, said that the members 

had listened to a very fascinating double-duty lecture by Mr Harding, the 
first part of it being historical and the second part an appreciation of the 
present position. Both parts were very valuable. It had been extremely 
interesting to realize how far things had advanced in the period since the 
beginning of the war. 

Dr Wilson said he wanted to add one small personal recollection. It 
was of something which happened to him in 1939, but which he thought 
could not happen today. He had just returned after spending a year in 
America studying the subject and he had been asked, ‘‘ What have you 
been doing?” When he explained, the comment was, “‘ That will not be 
of any value to you over here. We have such excellent soils in England.” 

_. The vote of thanks was carried unanimously, with acclamation. 
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7 Paper No. 5859 


‘‘ The Measurement of Very Slow Movements in Large 
Structures ”’ * 


by 
Harold Leslie Cox and Stanley Edwin Mitchell 


(Ordered by the Council to be published with written discussion) f 


SYNOPSIS 


The application of the method for some years at the Tower of London and Rochester 
Bridge has revealed what appear to be persistent movements of whole structures 
through a few hundredths of an inch each ber Comparative measurements at one — 
position in the Tower of London suggest, er, that one stratum is moving with 
respect to another below the surface of the earth. . 

Previous observations by other workers, who found movements of the same order 
of magnitude in London and elsewhere, are briefly mentioned. 


Part I.—Origin and Development 


INTRODUCTION 


ANY compact mass left standing on the surface of an imperfectly elastic 
medium may move in relation to the body of the medium as the surface’ 
material deforms. When the supporting layers first take the weight of the 
imposed mass the settlement may be quite rapid, and in designing founda- 
tions for large structures the effect of this settlement must always be antici- 
pated ; in particular, damage caused by excessive or irregular settlement. 
must be prevented, . 

This Paper is not concerned with the comparatively large and rapid 
movements of original settlements, but discusses the very much slighter 
movements which may continue slowly for years—or even centuries—and 
are therefore termed “ secular.”” Such slow movements may be unimpor- 
tant, but from time to time their presence is revealed by cracks in masonry 


* Crown Copyright reserved. 


“t Correspondence on this Paper should be received at the Institution by the Ist 
March, 1953, and will be published in Part I of the Proceedings. Contributions should 
be limited to about 1,200 words.—Sxo, I.C.E. ‘ 


VERY SLOW MOVEMENTS IN LARGE STRUCTURES 683 


Biildings or by other signs of slight relative movement of the several parts 
of a large structure. These signs have, sometimes, prompted investigation 
of the movement to decide whether or not remedial treatment is necessary. 
- In the past, settlement has often been measured with the aid of sur- 
veyors’ levels. A different method was used in observing settlement of 
the piers and abutments of the new Waterloo Bridge!; a tube, passing 
down a borehole, was fixed to a shoe driven into the clay and moved inside 
another tube fixed to the foundation of the pier or abutment. The relative 
vertical movement of the tubes indicated the settlement and was read 
from a dial gauge at the top. Another instrument, described by the 
Post Office Engineering Department, measured the change in height of 
one structure in relation to another by making use of the common water- 
level in two cups connected by a long flexible tube. 3 4 5 

‘The method of investigation about to be described has been developed 
by the staft of the National Physical Laboratory on the basis of special 
micrometers originally devised by Sir Horace Darwin, F.R.S., for making 
observations on cracks in the masonry of 8t Paul’s Cathedral. At first, 
Darwin's method was applied directly to record the movement across cracks 
in the structure of the Tower of London. Later, however, it was extended 
to measure the movement of whole parts of the buildings in relation to 
separate reference piers specially erected. Later still, a further extension 
made possible the recording of very small movements between widely 
separated parts of a large bridge. Throughout the work, but more par- 
ticularly in the later developments, factors other than time, such as temper- 
ature and tidal movements, have had to be allowed for. 

Meanwhile, for the past 25 years, similar micrometers have been in 
constant use at St Paul’s Cathedral for the measurement of relative move- 
ments across cracks in the masonry. By the courtesy of the Consulting 
Engineers, Messrs Freeman, Fox and Partners, and of the Surveyor to the 
Fabric, Mr Godfrey Allen, the Authors have been afforded access to these 
records. The measurements at St Paul’s form one part of thorough surveys 
which are made at regular intervals, and a great quantity of data has been 
compiled. The measurements made with the micrometers, in general, 
describe the actual relative movement across cracks in the masonry or 
of one part of the structure relative to another ; but the measurements as a 
whole are related to the underlying subsoil gauged with regard to a deep- 
level datum point in a shaft in the yard of the King Edward building of 
the General Post Office. Several of the measurements across cracks in the 
masonry of St Paul’s show more regular and progressive movements than 
those recorded at the Tower, but the general trends of the two series of 
observations are otherwise similar, both in type and in magnitude. 


1 The references are given on p. 706. de 
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MoveMENT AT CRACKS AT THE TOWER OF LONDON 


In December 1914, at the request of the First Commissioner of Work . 
Dr (later, Sir Thomas) Stanton, Superintendent of the Engineering Dep 
ment of the National Physical Laboratory, inspected varjous crac 
the buildings of the Tower of London; his task was to consider how the 
rate of growth might be measured and to estimate the possible danger 
the buildings. In 1915, he began periodical observations of selected crac 

Micrometers of Sir Horace Darwin’s design had been constructed by the: 
National Physical Laboratory, using accurate micrometer screws supplied! 
by the Cambridge Scientific Instrument Company, Ltd. The micrometers: 
indicate very precisely the relative displacement of the two sides of &| 
crack as transmitted to steel pegs set in the masonry ; their use is described | 
more fully in Part 2. 

A plan of the Tower of London (Fig. 1) shows the positions of the nine | 
measuring stations at which cracks*were observed. Some are in outdoor 
and others in indoor situations. 

Several years’ observation showed that the cracks were not threatening 
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the stability of the buildings. It seemed possible that any progressive 
shift of the foundations had resulted not from unequal settlement but rather 
from movement in mass of the subsoil on which the foundations rested. 
The investigation of this possibility led to an important extension of the 
method of measurement. 


MovEMENT IN Mass at tHE TowrER or LONDON 


The Quay Wall 
Some signs of a mass movement had been observed in the Quay Wall 
of the Tower. Fortunately the Moat on the land side of the Quay Wall 
offered a very convenient situation for an attempt to measure this move- 
ment. Close to the Quay Wall a vertical shaft was sunk through the ballast 
layer on which the Wall itself was founded and down to the level of the 
blue clay, which at this point was only about 7 feet below the surface of 
the ground in the Moat. A brick pier was built up from the blue clay in 
the clear space provided by the shaft, and steel pegs similar to those used 
at the cracks were fitted to the top of the pier and to a block projecting 
from the adjacent wall (fig. 2). The special micrometers here recorded 
the movement in mass of the Quay Wall in relation to the blue-clay 
stratum below. 
The observations, begun in 1919, soon demonstrated that mass move- 
ment was indeed taking place, and after a few years the magnitude and 
direction were established. The Quay Wall was found to be moving 
_ downwards and away from the river, in a direction at about 45 degrees to 
the horizontal and at a rate of a few hundredths of an inch each year. 
Superposed on this secular movement there were seasonal movements 
(having a yearly cycle) and tidal movements (having a twice-daily cycle) 
of considerable magnitude. 


: 
The Salt Tower 
| The cyclic movement of the Quay Wall in response to tidal variation 
made it necessary to consider whether or not the slow secular movement 
‘might also be an indirect result of the rise and fall of the tide and, in order 
to obtain further data, two additional measuring stations were set up on 
“the south side of the Salt Tower, where the direct effect of the tide would be 
absent. ‘Two piers similar to the one already in use in the Moat were 
constructed, one built up from the blue clay, starting about 25 feet below 
the surface, but the other only from the ballast above the blue clay. 
Measurements with the special micrometers were begun in 1926 and indi- 


cated the movement of the masonry of the Tower in relation to the blue — 


clay and to the ballast respectively. By combining these results the 
movement of the ballast in relation to the blue clay was also indicated. _ 


~The movements of the Salt Tower have been of the same order of magni-. 


tude as those of the Quay Wall. (A fuller description is given in Part 3.) 
’ 43. ee | 7 
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MovEMENT At RocHEsterR BRIDGE 


In 1942, there arose an opportunity to apply the same general method 
‘Measurement in a rather different way. The consulting engineers to the 
Hochester Bridge Trust approached the National Physical Laboratory 
ith reference to a slow but apparently steady movement of part of the 
#ructure of Rochester Bridge, which was progressively reducing the gap 
ovided in one of the expansion joints. The damage to the superstructure 
as not sufficient to suggest any urgent need to consider the strengthening 
# the foundations; but after consultation with the Building Research 
tation it was decided, as an initial measure, to apply a simplified form of 
ne method used at the Tower of London, in the hope of affording early 
arning of any serious acceleration of the movement. 
_ The observations undertaken with this limited objective have proved 
> be far more informative than was originally expected. In addition to 
onfirming that there is no immediate danger to the structure, they 
ave recorded a fairly steady and progressive movement, apparently of 
he Strood Abutment, of a few hundredths of an inch each year toward 
he centre of the stream. The precise mechanism of the movement is not 
et well understood—partly on account of the indirect method employed, 
f which details are given in Parts 2 and 3. The observations are being 
ontinued, and it is hoped that it will soon be possible to supplement them 
ly periodical ‘measurements with a very sensitive plumb-line apparatus 
) determine whether or not the movement is strictly a translation or wholly _ 


vidence to confirm the fairly clear indication from the present measure- 
jents that the movement is of the Strood Abutment as a whole. More- 
er, the pattern of the tilting movement in relation to time should be of 
teat value in determining the reality of an apparent seasonal variation 
n the rate of movement indicated by the present measurements. 


Part 2.—Apparatus and Technical Procedure 


PuasteR Tevi-TaLte MetHop 
A very simple method often employed to observe movement at a crack 
to fit a plaster tell-tale across it. The tell-tale consists of a block of 
ement, about 3 inches by 14 inch, keyed into the masonry (not merely 
pplied to the surface) at each side of the crack. Movement is shown by 
e appearance of a crack in the cement, and if the movement is consider- 
ble, periodical measurement with a rule will provide a rough record of its 
Dare. es. aie 
~The micrometer method described in this Paper enables both the magni- 
de and the direction of the relative movement to be determined with 


uch greater accuracy than is possible with the plaster tell-tale. 


: 
= 
j 


* directions. 
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Frirrmne oF Peas AT THE TOWER OF LONDON 


A drawing of one of the hardened and ground steel measuring pegs us 
at the Tower of London is given in Figs 3. A hole a little larger than tl 
ridged part of the stem is cut in the masonry on each side of the crack und 


Ground §” dia. 


Mrasvurine Pra 


investigation, and a peg is cemented in each hole. A special clamp secu 
the pegs until the cement has set. Between measurements the pegs 
protected by greased caps. 


TowErR oF LoNDON MICROMETERS 


Figs 4, 5, and 6 show the micrometers used at the Tower of Lond¢ 
each in position on a replica of the measuring pegs. These micromete: 
measure relative displacement of the pegs in three mutually perpendicul: 


Micrometer A, illustrated in Fig. 4, measures lateral movement, that 
to say, displacement perpendicular to the axes of the pegs in the plat 
containing these axes. This micrometer has a saddle with V-groove 
which afford a positive location on one of the pegs, and the rear face of 
saddle is brought into contact with the shoulder provided at the base 
the peg. The saddle carries a micrometer screw with two threads per mill 
metre, and the large white head rotating past a brass scale projecting fr 
the bottom of the saddle is graduated into 100 divisions. 

A balance weight is fitted to the micrometer at the side remote f 
the micrometer head, and with this balance, by rotating the saddle throug 
a small angle on the peg on which it rests, a very delicate indication 
contact is obtained as the rounded end of. the micrometer brushes the sic 
of the free peg. With care in observation, the sensitivity is reliable to f 
or minus a half of one division on the head (-- 0-0025 mm.). It is standa 
practice to take the average of readings obtained with the micromet 
saddle resting on the left-hand and right-hand peg in turn. 

Micrometer B, illustrated in Fig. 5, measures the relative verti 
displacement of the pegs. Like micrometer A, it is provided with a sadc 
but the top of the saddle is extended on each side to carry a spirit-lev 
the micrometer screw is vertical and has a flexible steel blade interr 0 


Fig. 4 


MicRoMETER A 


Fig. 5 


MicromrtTer B 


ee le: AIR. acer Stee 


Fig. 6 


MICROMETER C 


Fig. 9 


CaLiBRAtinG DrEvIcE 
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etween its tip and the measuring peg. The reading is taken with the 
irit-level horizontal. 

Micrometer C, illustrated in Fig. 6, measures the relative displacement 
f the pegs in the direction of their own axes. The locating saddle of this 
icrometer is developed at the top into two curved arms, each of which 
as a flat ground on to its end. Two balance weights give stability. The 
icrometer screw passes through a block carried in front of the saddle, 
nd bears on the rounded end of the measuring peg. The reading is taken 
hen the ground flat on the curved arm just brushes the rounded end of 
e free peg. 

_ When movement carries the separation of the measuring pegs beyond 
he range of any of the micrometers, a sleeve or extension can be fitted 
o one of the pegs while an observation is being made. 


CORRECTION OF READINGS FROM THE TOWER OF LONDON 


In the case of micrometers B and C also it is standard practice to take 
readings with the saddle resting on the left-hand and right-hand pegs in 
um, but the separation of the pegs in this case is represented by the 
lifference between the two readings. Conversely the sum of the two read- 
ngs is independent of the movement of one peg relative to the other and 
herefore should remain substantially constant. Inspection of the sum of 
ihe readings thus provides a check on the individual readings, whilst 
he absolute magnitude of the sum also indicates whenever a sleeve was 
n use. 

Apart from these overall checks on the possibility of gross misreading, 
he small variations of the sum from a truly constant value depend both 
m the absolute sensitivity of the measurements and on the secondary 
ffects of one type of displacement on the measurement of another, and of 
elative rotations of the pegs. ’ 

The five possible types of relative movement are indicated diagrammati- 
ally in Figs 7 and it will be seen that movement of type (a), for instance, 
vill affect the reading of micrometer B, because the point-of contact of the 
exible blade with the peg will be displaced from the point of contact of 
he micrometer-screw tip with the blade (see Figs 8). The several second- 
ry effects of this kind could be estimated theoretically from the geometry 
f the micrometers and pegs; but the most important of them are more 
eadily determined experimentally by use of the calibrating device illus- 
rated in Fig. 9. This consists of a 6-inch length of 4-inch-by-3-inch 
feel angle-bar, with the bottom face ground true and the two vertical 
yces ground parallel to each other and perpendicular to the bottom face. 
wo slots, each 1 inch long and at right angles to each other, were 


rachined in the vertical part of the angle, and two pegs, similar in the 
ssential features to the measuring pegs at the Tower, were bolted through — __ 


he slots and could be moved to simulate the relative displacement of the 
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measuring pegs. Readings in a number of different positions were tak 
with micrometer A and micrometer B, and it was then possible to state’ 
correction necessary to the reading of micrometer B for any measure 


Figs 7 Figs 8 


(a) Parallel displacement - lateral : 
-_ __ 


(b) Parallel displacement - vertical 


+ | 
© _ {a} Normal position 
(c) Parallel displacement - longitudinal Tor 
~ (d)_ Inclination in horizontal plane ly 


i (b) Position after lateral 
U separation of pegs 
(e) Inclination in vertical plane f 
PosstpLe KINDS OF RELATIVE Contact CONDITIONS FOR 
MovEMEN’T OF PEGS MIcROMETER B 


| 


7 


peg-position. The necessary modification to the nominally constat 
sum of corresponding readings was also given by these results. 


Srre Conpitions at RocHEsTER BRIDGE 

At Rochester Bridge the requirements are rather different from tho: 

at the Tower of London. Horizontal movement only has been measure 

_ and therefore only one micrometer, similar to micrometer A (Fig. 4), he 

been employed. The screw has twenty threads per inch and the head 

graduated in 100 divisions. An extension-cap screwed on to the micr 

meter stock during the winter months enables the instrament to accommoda’ 
the large seasonal movement. 

The elevation of the bridge is shown diagrammatically in Fig. 10, ar 

in this diagram the designation “ free ” has been used to denote those enc 

of the three separate spans which are supported on rollers and are thi 

capable of longitudinal movement over the piers. In addition to the thr 

main spans, which are of open-braced construction, there is a small secti¢ 
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r 


at the Strood side which spans an inverted arch not always submerged at 
low water. 

The bridge was completed at some time between the years 1914 and 
1918; the superstructure was supported on the piers and abutments of 
4 previous cast-iron bridge, which itself had been completed in 1856.* 


Fig. 10 


1st 74" an ae 183’- 73" Ss ys 
Strood span 4 Centre span 1 Rochester span 


Abutment proper 
(Strood bank) 
Invert pier 
Strood abutment 
Strood pier 
Rochester pier 
Rochester 
abutment 


Invert - 


DIAGRAMMATIC REPRESENTATION OF ROCHESTER BRIDGE, LOOKING DowNSTREAM 
(Nort East) 


These are supported on cast-iron cylindrical piles filled with concrete and 
brickwork after excavation under air pressure.§ 


Meruop Usep at Rocuester BRIDGE 


When, in 1942, the present series of measurements was undertaken, 
the main object was to render quantitative the previous qualitative obser- 
vations on the closing of the expansion joint; but at the same time the 
‘opportunity was taken to try to trace the course of its progressive move- 


“ment. 

a The only feasible method was, in effect, to measure across the joint 
‘itself, although for convenience the measuring pegs, in the free end of the 
Strood span and in the fixed end of the centre span (see Fig. 10), were 
fitted to the webs of the main girders below the decking of the bridge. The 
‘measurements thus recorded would of course include the large movements 
due to thermal expansion of the Strood span, and they might also include _ 
‘movement caused by tidal pressure like that observed at the Quay Wall of 
the Tower of London. Various methods of eliminating these superposed 
movements were considered, but none appeared to offer the requisite 
degree of accuracy without elaborate and impracticable constructional 
work. However, if only a first order correction for the effect of temper- 


ature and tide were sufficient, some help could be gained from the fact 


* The predecessor of the 1856 bridge, a stone bridge built in 1387, had stood a 
little further upstream, but two earlier bridges—one erected on timber foundations — 
about the year 950, and the other a Roman bridge—had crossed the river where the~ 


present soy! stands. 
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that the Rochester span was equal in dimensions to the Strood span; 
it seemed that the effect of temperature and tide should be at least approxi 
mately the same on both spans. It was, therefore, decided to take com- 
parative measurements on the Rochester span. 

Two pairs of pegs were used at each pier, one pair being fixed near to 
each side (upstream and downstream) of the roadway so that a mean value 
could be taken. 

To determine the general pattern of the progressive movement and t 
effect of temperature and tide, it was clearly desirable, at least at the s 
of the investigation, to take frequent observations. For reasons 0 
economy and convenience, therefore, the readings were taken by the Bridge 
Caretaker, and his use of the special micrometer was supervised and checked 
by members of the National Physical Laboratory staff, who made peri 
odical visits to the bridge for that purpose. For some months readings 
were taken daily ; later the frequency was reduced, and recent readings 
have usually been taken once a week. 

In the hands of an observer not previously experienced in this par- 
ticular type of work the special micrometer proved its merits. So long as 
the saddle is fitted squarely on the peg and in contact with the shoulder 
provided at the base of the peg, the change from the “ go ” to the “ not go ” 
condition can easily be felt when the micrometer head is turned through 
one division on the scale (z4> of a complete revolution, or 0-0005 inch). The 
new observer was very soon proficient in recording to this degree of sensi- 
tivity. In practice the effective sensitivity is governed less by the inherent 
sensitivity of the measuring device than by transient movements, occasion- 
ally as great as 0-003 inch, resulting from the passage of leavy traffi 
over the bridge. 

The situation of the observer under the roadway of the bridge is far 
from enviable, and the scales, particularly the brass scale of units, are no 
always easy to read. The few accidental errors were nearly all in the 
units place and were easily traced and corrected by comparison of th 
readings on the upstream and downstream sides of the bridge. 


Part 3.—Results 


Chief interest lies in the movement in mass. This type of movement 
at both the Tower of London and Rochester Bridge, has exhibited a regulz 
pattern, though it has varied between the different sites. 


Movements at Cracks 


By comparison with the records of movement in mass, those obtaine 
from measurements across actual .cracks are very disappointing. 
summary of the latter is given in Table 1. In only two cases has any 
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ABLE |.—SUMMARY OF MOVEMENTS OF CRACKS AT THE TOWER OF LONDON 
(Pegs approximately north and south of each other except at Station 7) 


Movement of northern peg with respect to 


Measuring station “2. 
southern peg: millimetres 


Period 


Description Lateral Vertical Longitudinal 


Wall of Clerk | 1915 to 1934} | 0-31 (opening) ; 0:05 downward| 0-07 forward* 
of Works’ 

; Office (station 

| dismantled 

1934) 


2 Queen’s Stairs | 1915 to 1948 | 10-2 (opening) | 4:1 upward 3-6 backward* 


3 Arch adjoining | 1915 to 1946 | Inappreciable | Inappreciable | Inappreciable 
Wakefield 
Tower 


4 Cradle Tower | 1915 to 19307 | Inappreciable | Inappreciable | Inappreciable 


5 Window in 1915 to 1948 | 8-0 (opening) | 0-2 downward | 1-3 forward* 
Salt Tower 


6 Pier in trifor- | 1915 to 1948 | 0-2 (opening) | Inappreciable | Inappreciable 
ium of St 
John’s Chapel 


7 Arch in trifor- | 1915 to 1948 | Inappreciable | Inappreciable | Inappreciable 

ium of St 
John’s Chapel 

| (adjoining 
Station 6 ; 
pegs approxi- 
mately E. 
and W. of 
each other) 

8 ~- | Arch over 1915 to 1948 | 1-7 (opening) | 0-4 upward . | Irregular over 
doorway in a total range 
Beauchamp of 0-4 

; Tower 

9 Arch over 1915 to 1948 | Inappreciable | Inappreciable | Inappreciable 
window in 
Beauchamp 
Tower 


* “ Forward ” signifies protrusion, and “ backward,”’ retraction { Measurements 
of the northern peg with respect to the southern discontinued 


significant movement been recorded, and in neither of these has any 
clear pattern of movement in time been observable. Station 2 is close 
to the foreshore, and the comparatively large movement recorded there 
may be due to the shifting of only a small part of the masonry at the 
edge of the structure. At Station 5 the opening of the crack above the — 
window in the Salt Tower has not been traceable to any simple movement — 
of a part of the Tower. : S eae 
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MoveMENT IN Mass—Quay WALL 


Effect of Tide and Temperature ‘ . 

In order to abstract a record of secular movement, whether it be 
movement at a crack or movement of the whole body of a structure, the 
immediate effects of tide (if appreciable) and temperature must first be 
eliminated. 

At the Quay Wall the varying pressure resulting from the rise and fall 
of the tide has a substantial effect on the lateral displacement (micro- 
meter A), The curve for lateral displacement over a short period of time 
is shown on an enlarged scale in Fig. 11. The deviation of the readings 
taken at high tide from those taken at low tide is evident. The broken- 


always through the “ low tide” readings to preserve consistency. é 
wavy form is caused by the effect of temperature, which causes expansion 
of the Wall in summer and contraction in winter.* 


MOVEMENT AWAY FROM RIVER: MILLIMETRES ——> 


Trp Erreor on Larerat Movement or Quay WaLL 


The vertical displacement (micrometer B) and longitudinal displace- 
ment (micrometer C) are very little affected by the rise and fall of the tide. 


They are affected by temperature changes, but to a smaller extent than the 
lateral displacement. othe 


* This wavy form is found also, of course, in ee of Mia at aca ks is 
> i . 
understood that the same phenomenon, of a yearly cycle t a ae It is 


on the true secular movement, appears in t . . 2 
Cathedral, ppears in the measurements on cracks at St Paul’s 
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Magnitude of Secular Movement 

a By drawing a mean line through the wavy curve the seasonal variation 
is eliminated and the course of the secular movement is revealed. Thus 
in Figs 12, curve (a) shows the lateral movement, in the direction of the 
width of the Wall (which is approximately north and south); curve (b) 
shows the vertical movement; and curve (c) shows the longitudinal 
movement, in the direction of the length of the Wall (which is approxi- 

' mately east and west). 


AWAY FROM RIVER 
(LATERAL MOVEMENT) 


MOVEMENT: MILLIMETRE 
DOWNWARD 
(VERTICAL MOVEMENT) 


== 
ee 

Lae Longitudinal deck 
ae ee 4 ls 


1920 1930 1940 1950 
YEAR 


Movement OF Quay WALL RELATIVE TO BLUE CLAY 


DOWNSTREAM OR EASTWARD 
(LONGITUDINAL MOVEMENT) 
o 


During the 31 years over which observations have been taken, the Wall 
has shifted longitudinally no more than 0-1 millimetre eastwards in relation 
to the blue clay. . 

The lateral and vertical movements have, however, been much greater. 
Over any given period of time, the lateral movement (northwards, or away _ 
from the river) has been nearly equal in magnitude to the vertical move- 
ment (downwards), and the total shift in each direction during 31 years 
has been about 12 millimetres. | SOME 


¥ 
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Though the brick pier which carries the peg forming the practical refer 
ence datum is no doubt itself subject to some initial settlement, the pi 
is an extremely small structure in comparison with the Quay Wall, and i 
own settlement is unlikely seriously to mask the movement of the babe 
with respect to the blue clay. The trend of the curve for vertical move- 
ment (b) in Figs 12, supports this view. The initial settlement of the pier 
would be expected to decrease rapidly with time, and the effect of such’ 
settlement on the curve would be to make a uniform downward movement 
of the Quay Wall with respect to the clay appear to become more rapid 
with the passage of time. Actually the curve shows the reverse trend, and 
therefore the settlement of the pier is unlikely to have had a great. effect. 


Movement In Mass—Satt Towser (AND CoMPARISON WITH Quay WALL) 


At the Salt Tower, owing to its distance from the river, no allowance 
has to be made for the rise and fall of the tide. Seasonal variations are — 


TOWARDS RIVER 
(LATERAL MOVEMENT) 


MOVEMENT: MILLIMETRES 


DOWNWARD 
(VERTICAL MOVEMENT) 
oo 


DOWNSTREAM OR EASTWARD 
(LONGITUDINAL MOVEMENT) 


1920 1930 ven 1940 1950 
MovEMENT or Satt TowrER RELATIVE TO BLUE Cray 
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eliminated by drawing a mean line, as for the measurements at the Quay 
Wall. 

Figs 13 show the secular movements indicated for the Salt’ Tower 
relative to the blue clay: (a) the lateral movement ; (b) the vertical move- 
ment ; and (c) the longitudinal movement. It is clear that, although the 
Salt Tower, like the Quay Wall, is sinking with respect to the blue clay, 
its horizontal movement is towards the river. The pattern of the longi- 
_.tudinal movement, however, is rather irregular. 


o 


—-_ 


TOWARDS RIVER 
(LATERAL MOVEMENT) 
1 
w 


nu 
Ss 


o 


—_—— 


DOWNWARD 
(VERTICAL MOVEMENT) 


MOVEMENT: MILLIMETRES 
! 
w 


6 


(LONGITUDINAL MOVEMENT) 
uw 


UPSTREAM OR WESTWARD 


920 1930 © 1940 1950 
YEAR 


Movement oF Saut TOWER RELATIVE TO BALLAST . 
The movements indicated relative to the ballast are shown in Figs 14 ; 


in the lateral and vertical directions they have the same sense as those 
with respect to the blue clay, but are smaller. 


— It is known that since 1940, at least, some of the earth has fallen in on _ 


the eastern side of the shaft surrounding the two brick piers at the Salt — 
Tower, and that this debris has been touching the pier that is built on the | 
‘blue clay. Water in the pit hides the bottoms of both piers, and although 


the pier built on the ballast is clear of earth above the water level, it is not — 
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known whether any earth has fallen so as to be in contact with this 
below the water level. Some doubt is therefore thrown upon the records — 
of movement of the Salt Tower, the more so because of the discontinuitie 
since about 1940 in the curves for lateral and longitudinal movement in 
Figs 13 and 14, without any corresponding discontinuity in the curv’ 
for vertical movement. There is also a possibility that the reference pi 
may have been slightly shifted by the earth tremors resulting from bombs — 
which fell within the Tower precincts during the 1939-45 war. The shaft 
will, however, be cleared and re-faced as soon as possible. 

In the following three paragraphs consideration is therefore restricted 
to observations taken before 1940. 


Fig. 15 


MOVEMENT RELATIVE TO BALLAST: MILLIMETRES 
=e es “2 ° 2 4 


MOVEMENT RELATIVE TO BLUE CLAY: MILLIMETRES 
' 
a 


X denotes lateral movement (towards river negative) 
° * vertical movement (downwards negative) 
+ ** longitudinal movement (eastwards negative) 


RELATION BETWEEN MOVEMENTS OF SALT TOWER RELATIVE TO BLUE CLAY AND 
BALLAST RESPECTIVELY (1926-1939 INCLUSIVE) 


In Fig. 15 the movements of the Salt Tower in the three directions— 
lateral, vertical, and longitudinal—with respect to the blue clay are plotted 
against the corresponding movements with respect to the ballast. The 
relationship between the two longitudinal movements is not simple, but 
both the lateral and the vertical movements follow approximately the same 
straight line on the graph.* The movement relative to the ballast is at 
any time about one-half of that relative to the blue clay. Thus the move- _ 
ment of the Salt Tower relative to the blue clay in a plane perpendicular 


* The plotted points in Figs 15, 16, and 17 do not represent direct experimental — 


observations but are readings taken from the curves of Figs 12, 13, and 14 at intervals 
of 1 year on the time scale. a 
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the bank of the river appears to be the simple sum of a movement relative 
the ballast and an almost identical movement of the ballast relative to 
he blue clay. 


AWAY FROM RIVER ——> 


(1919 to 1939) 


Quay wall 


Fig. 16 
LATERAL MOVEMENT: MILLIMETRES 
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RELATION BETWEEN LATERAL AND VERTICAL MovEMENT (Quay WALL AND SAut TowER) 


—<———. TOWARDS RIVER 


—— 
(LNaW3AOW WOIILYIA) 
auvMNMOG 


S$IYLIWINUW 7 LNINIAOW 
: . . 
. The direction of this movement can be seen in Fig. 16, where lateral 


movement is plotted against vertical movement to give a graph showing — 


the direction of the total movement in the plane perpendicular to the bank 
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of the river. The graph also includes the results for the Quay Wall, 
shows that while the Quay Wall moved relative to the blue clay (betwet 
1919 and 1939) downwards and away from the river at an angle of about: 
45 degrees to the horizontal, the Salt Tower moved relative to both 
ballast and the blue clay (between 1926 and 1939) downwards and tow: 
the river at an angle of about 20 degrees to the horizontal. 

Some indication of the relative rates of movement with respect to the 
blue clay is given by Fig. 17, which shows movements of the Quay Wi: 
plotted against contemporaneous movements of the Salt Tower. 

Measurements at a single station on a large block of masonry directl 
indicate, of course, only the movement at that station. In the absence of 


Fig. 17 


MOVEMENT OF QUAY WALL: MILLIMETRES 


RELATION BETWEEN MOVEMENTS OF Quay WALL AND Sat TOWER RELATIVE 1 
Buivux Cray (LATERAL AND VERTICAL, 1926 To 1936 INCLUSIVE) © ™ 


behaviour of the Wall as a whole, and therefore it seems justifiable to rega. : 
the secular movement also as representing that of the entire structure. _ 
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MovEMENT In Mass—RocuestTer BripGE 


The measurements at Rochester Bridge, even after correction for tem- 
perature variation, directly represent only the movement across the 
expansion joint on the Strood pier, and the true point of origin of the move- 
ment is not determined by the readings. In particular, it cannot be inferred 
that the measurements do actually describe the movement of the Strood 
abutment. Nevertheless there are other distinct signs—such as cracks 
in the masonry—of movement of the Strood abutment, and there is no 
evidence of movement in any other part of the structure. Therefore it 
seems justifiable on the present evidence to regard the records as describing 
the movement of the Strood abutment, and adoption of this hypothesis 
at least avoids tedious circumlocution. As mentioned on p. 687, other 
methods are being tried to establish more definitely how the Strood 
abutment is moving. 


Correction of Readings 

The record of secular movement has been obtained by suitable correc- 
tion of the actual readings, and the effect of the two successive corrections 
which are applied is illustrated, for a sample period of one year, in Figs 18. 

Fig. 18 (a) shows the simple average of the readings from the two sides 
of the Strood pier. There is a wide scatter, and a large variation from 
summer to winter. The effect of first-order correction is shown in Fig. 
18 (b), where the readings of Fig. 18 (a) have had the corresponding read- 
ings on the Rochester pier subtracted from them. The scatter is much 
reduced, and the seasonal change is removed. 

It was found possible, however, to carry the process of correction a 
stage further. The shade temperature near the bridge had been observed 
at the time of taking each set of readings. When sufficient values of move- 
ment to which the first-order correction had been applied were plotted 
against corresponding shade temperatures, the points were found to be 
grouped about a curve. (Due allowance had been made for the secular 
movement, which was already known approximately as a result of applying 
he first-order correction). A further empirical correction to the move- — 
nent values could thus be made on the basis of the observed shade temper- 
ture ; it was only of the second order of magnitude, but it brought about 
} perceptible reduction in the scatter of individual readings, as is shown in 
ug. 18 (). 


Peatures of Secular Movement 

The record of secular movement is shown in Fig. 19 in the form of a 
nean line drawn through the points representing the observed values with 
he supplementary temperature correction applied as in Fig. 18 (c). Tt 
hows an overall movement of 0-03 inch por annum towards the centre of 
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the stream, but the rate is not constant throughout each year. Di ng 
the winter and spring little or no movement occurs, and often practically 
the whole movement is concentrated in the late summer and autumn 
Occasionally the movement towards the centre of the stream in lat 
summer appears to be preceded by a slight movement in the opposite se 
in early summer. 
The reason for the increased rate of movement in the late summer a 
the autumn is not altogether clear, but may possibly be found in 
autumnal rise of the groundwater level at the Strood bank, perhaps coupled 
with swelling of the soil composing the bank. The retaining wall of the 
bank would move outwards under such changes in the soil, and it is con- 
ceivable that its movements are transmitted to the Strood abutmen 
through the invert and the girders spanning the small invert-channel. 


Part 4.— Conclusion 


The method of measurement described in the foregoing parts of th s 
Paper has given a quantitative indication of movements which affec 
structures and which, though small, are different from the ordinary settle 
ment that is familiar to the builder. The accuracy obtainable in measuring 
settlement by means of surveyors’ levels is probably of the order of a few 
hundredths of an inch. The apparatus used at Waterloo Bridge! gave 
an accuracy of one or two thousandths of an inch, and the accuracy 
obtained with the Post Office Engineering Department instrument 2 was 
--0-0015 inch for indoor positions and -++-0-003 inch for outdoor positions 

_ The micrometer apparatus used at the Tower of London is sensitive 
to approximately +-0-0001 inch, and in an indoor position where the tota 
movement measured is small, the accuracy is reliable to almost as clos 
a figure. When the total movement is larger, and when outdoor conditions 
have to be dealt with, there is a lower degree of accuracy. 

The micrometer method would appear to be more accurate than an} 
of the other methods just referred to. It possesses, indeed, a sensitivit' 
which is not usually required in the measurement of the ordinary settle. 
ment of structures, and it would probably be rather troublesome té 
apply for that purpose. 

Where, however, there is doubt concerning the stability of important 
structures, the method may serve the interests of safety and economy 
by affording a means to maintain a close watch on the structure and | 
to decide in good time if expensive repair work may become necessary. ‘ 

Perhaps the most interesting feature of the records so far obtained i 
the evidence they afford of slow but steady movement of large masonr, 
structures continuing over centuries. A certain amount of evidence 0 
such movement is available from other sources. The Appendix is ! 
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summary of some of the points discussed in a Paper entitled “ The Sub- 
sidence of London” by Capt. T. E. Longfield. In his Paper are described 
indications of a general sinking of the land in the London area with respect 
to the mean sea level at a rate which is of the order of 9 inches per 100 
years. 

Charles Darwin’ described how the activity of earthworms in with- 
drawing soil from beneath large stones resting on the ground and casting 
‘it up on the surrounding area can cause the stones to sink, during the course 
of years, in relation to the ground about them. He also described a similar 
process causing the gradual burial of ruins of old buildings, such as Roman 
houses, when the foundations were not placed too deep for the worms to 
penetrate. In one place, it seems, he had observed walls completely 
covered with earth, although the foundations lay at a depth of 14 feet, 
and he remarked that the fact is difficult to account for. It is perhaps 
permissible to conjecture that the explanation lies in secular movements 
of the kind observed in the Quay Wall and Salt Tower at the Tower of 
London. 

With regard to the magnitude of movement, although there is not a 
“precise correspondence it can be said that the movements alluded to by 
Longfield and Darwin and those described in this Paper are all of the same 
order of magnitude, that is to say, some inches every 100 years. According 
to Darwin, earthworms can be responsible for the addition of as much as 
% inch of mould to the surface of the soil every year, but the amount 
varies with the concentration of earthworms at the site being studied, and 
some of the deposit is no doubt removed by wind, rain, and other influences. 
Longfield mentions a rate of sinking of the London ground surface of about 
9 inches per 100 years. 

The average rate of sinking of the Quay Wall at the Tower with respect 
to the blue clay during the period of observations here described has been 
equivalent to rather less than 2 inches per 100 years. 

- The Quay Wall is about 700 years old, and there seems to be every 
reason to believe that the movement recorded during the last 30 years has 
continued over its whole life at an equal rate at least, and probably at a 
greater one; it appears, therefore, that the Wall has sunk about 1 foot 
since it was built and that it has moved away from the river through a 
comparable distance. . 

Two further features are worthy of note. One is the evidence from the 
Salt Tower that there is relative movement of one stratum of the soil 
over another; the other is the evidence from Rochester Bridge which 
indicates that the stability of the soil varies very greatly within short 
distances and under very slight changes of condition. 

The opportunities which present themselves for measurements of the 
kind described in this Paper can only be few and the records must be 
continued for several years before they can reveal the true pattern of 
movement. The Authors and their colleagues at the National Physical 
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Laboratory have therefore been interested to maintain the two series | 
measurements in progress, in the hope that the continued records 
help to reassure civil engineers and architects, who may in other build 
find slight but disquieting evidence of slow movement of masonry 
structures. 
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APPENDIX 


ABSTRACT FROM 
ORDNANCE SURVEY PROFESSIONAL PAPER.—NEW SERIES, NO. 14 (1932) 


(“ The Subsidence of London,” and from other relevant investigations, by Captain T. EB. 
Longfield, R.E.) 


This Paper mentions six different varieties of land movement which might possibly 
affect London. They are :— 


1. A general and gradual lowering of the land surface in the south-east of England 
in relation to the mean sea level. 

2. In addition to this, a rather more local but at the same time a general subsi- 
dence in the metropolitan area. 

3. A seasonal subsidence and uplift caused by change of water content in the 
London clay (it should be noted that there is approximately 4 months’ 
lag in the action of the clay). 

4. emcee caused by the draining or pumping of water and sand from the 
gravel. 

5. Rhythmic land movement synchronous with the rise and fall of the tide. 

6. Possible subsidence due to underground tunnelling. 


Since records of levels do not go back more than 70 years, geological evidence is 
used to supplement direct evidence from levelling. 
¥ Borings have disclosed in the buried channel of the Thames the fact that the sur- 
_ face of the land in the Neolithic Age is now about 60 to 70 feet below mean sea level. 
_ If it be assumed that the period involved is about 10,000 years, this represents about 
9 inches per 100 years. Roman relics in Southwark suggest that this district was a 
wellinhabited area in Roman times. It is now, however, 5 to 6 feet below Trinity high 
water mark, and, therefore, since the Romans would not choose a locality subject to 
flooding and accompanying disadvantages of a low level, it seems likely that the whole 
_ surface has sunk several feet since Roman times. It is possible, though not certain, 
_ that the severe floods of 1929 were the result not entirely of an exceptionally high tide 
_ but partly of land sinkage also. 
The first geodetic levelling of Great Britain, carried out between 1840-60 with a 
datum in the form of a mark on the Old Dock Sill at Liverpool, was the basis of all 
- Ordnance levels and contours. In 1921 a second levelling, with its datum as mean 
sea level at Newlyn, in Cornwall, was completed. A comparison of the old and new 
_ apparent heights indicated a difference increasing more or less proportionately to the 
_ distance south-east from Liverpool. The maximum was about 2 feet in Essex and 
_ there was a difference of about 1-25 foot in Kent. Observations have also been taken 
for a short period at Felixstowe, where an apparent sinking of the land with respect 
to mean sea level of 1-2 foot per 100 years has been indicated. 
| The Neolithic and the Roman evidence in the London district both indicated a 
rate of sinking of about 9 inches per 100 years, suggesting that the apparent rate of 
_ sinking in the south-east of England has been partly genuine and partly due to cumu- 
‘lative error in the old work. The Paper gives diagrams (reproduced by Wilson 
and Grace *) showing the results of levelling along lines traversing London, with check- 
ing by a number of cross-lines between these main radial lines. The diagrams all 
‘show an apparent sinking in the London area greater than that in the outer districts, 
and it is interesting that the subsidence seems to begin where the clay of the outlying 
districts changes to the gravel which occupies most of the central districts. __ 
It is tentatively suggested in the Paper that this behaviour would be explained by 
the fact that the central part of the London area is almost entirely waterproofed by 
buildings, roads, and pavements; the gravel beneath might, therefore, be drained, 
and the usual behaviour of gravel when drained is to lose sand which is carried away 
with the water, and consequently to suffer a subsidence. , 
It is mentioned that although the clay did not appear to have undergone any general 
subsidence, there is no doubt that clay is troublesome as a base for buildings because 
of the seasonal subsidence and uplift which result when the water content changes. ~ 
In the James Forrest Lecture, 1939, Dr Karl von Terzaghi® drew attention to 
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the settlement of clay strata due to the lowering of the underground water level, ¢ 
which he had observed several instances. Guthlac Wilson and Henry Grace hav 
remarked ® that London rests on a thick bed of clay overlying chalk from which water 
is being pumped in considerable quantities and that, as a result, the artesian water 
level in the chalk has been falling steadily throughout the last century. On the bas 
of evidence of this fall extracted from Memoirs of the Geological Survey and oth 
sources, Wilson and Grace applied Terzaghi’s theory to the London clay, using dati 
on the properties of the clay determined by Cooling and Skempton,’ and they showed 
that the underdrainage effect could account for the whole movement recorded b: 
Colonel Longfield in areas where the clay is thick and which are not heavily built up. . 
In the central area round the Bank of England, where the clay strata are relativel: 
thin, the rate of settlement is very much greater, and Wilson and Grace considered th 
to be consistent with settlement under the weight of the heavy buildings in this area. 

Longfield also mentions that there is definite’evidence of rhythmic land moyve- 
ment due to the rise and fall of the tide. A seismograph in the County Hall, West. 
minster, has shown a definite movement of the building corresponding with high a 
low tides. The old Waterloo Bridge sank at high tide and rose again at low ti 
owing to the compression of the weight of the water. Some underground railway 
tunnels below the Thames, which are usually circular in section, become very sligh 
elliptical as a result of the weight of the water above them at high tide, and regain th 
normal shape when the tide recedes. 

There seems to be no evidence to connect underground tunnelling with the 
general subsidence in the London area, although a few local subsidences have o: 
at the actual time of the construction of certain tunnels. ; 
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Paper No. 5863 


** Pressure of Concrete on Formwork ”’ 
by 
Stanley Rodin, M.Sc., B.Sc.(Eng.), A.M.LC.E. 


(Ordered by the Council to be published with written discussion)} 


SYNOPSIS 


The Paper reviews the published experimental data on the lateral pressure of con- 
crete against forms, and discusses the various factors that affect the lateral pressure. 
These are (1) the rate of filling the forms, (2) the method of placing the concrete, 
whether by hand or vibration, (3) the consistency and proportions of the mix, (4) the 
temperature of the concrete, (5) the rate of setting of the concrete, and (6) the size 
and shape of the form. ; 

The amount of published data is very limited and the reliability of much of it is 
doubtful. The Paper presents a rational explanation of the physical phenomena 
_ causing the type of pressure distribution found in practice, and shows why this is not © 

hydrostatic, except in special circumstances. 


It is shown that, in the design of forms, lateral pressures lower than those normally ~~ 


recommended can generally be used. Curves are given, which enable the lateral 
_ pressures on the forms to be estimated from a knowledge of the rate of pour and the 
characteristics of the concrete. 


— ad 


INTRODUCTION 


THE cost of formwork may represent as much as 30 to 40 per cent of 
the total cost of concrete structures, and any saving in the cost of forms, 
for example by a reduction of design loads, would represent an important 
‘item. The purpose of the Paper is to review the work that has been done 
‘to determine the lateral pressure of concrete against forms, and, from this 
data, to see whether a rational design procedure is at present possible. 


Factors INFLUENCING LATERAL PRESSURE 


The factors most likely to affect the pressure developed by fresh concrete 
are generally believed to be :— 
(1) Rate of filling the forms. ‘ 
_ (2) Method of placing the concrete, whether by hand or by vibration. 
_ (3) Consistency and proportions of the mix. 
(4) Temperature of the concrete. 


+ Correspondence on this Paper should be received at the Institution by the — 
1st March, 1953, and will be published in Part I of the Proceedings. Contributions 
hould be limited to about 1,200 words.—Szc. I.C.E. s 

ge . 
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(5) Rate of setting of the concrete. 

(6) Size and shape of the form. 
The Author has analysed the published experimental data in an effort 
to determine the relative influence of each of these factors. Before 
reviewing the data in detail, the methods used by the various investigators 
to measure the lateral pressure of concrete against forms will be discussed, 
since they control the reliability of the data. : 


MetuHops oF MEASURING ForM PRESSURES 


In the tests carried out by Roby 1 the concrete pressure was measured | 
by the deflexion of a 7%-inch steel plate, 6 inches wide, extending 
the full width of the form and resting on knife edges 28 inches apart. 
The steel plate was located near the bottom of the form. By means of a 
pivoted bar, connected to a lever to give a ratio of 10: 1, the deflexion of 
the centre of the plate was read on a scale graduated in # inch, and by 
using a magnifying glass it was possible to read to within fq inch. This cor- - 
responded to a plate deflexion of x¢gq inch (0-0004 inch). The thickness 
of the timber sheathing above and below the steel plate was designed to 
give the same deflexion under load as the steel plate. No data is given as 
to whether this was checked during the tests. During the tests 


responded to a plate deflexion of 0-237 inch. The magnitude of the 
deflexion was quite appreciable and might have had an effect of relievi 
the steel plate of some pressure. 

Shunk? inserted a 9}-inch-diameter cylinder, fitted with a freely moving 
piston, into the wood formwork, and by means of a weighted lever arm 
the load required just to prevent the piston from moving under the applied 
concrete pressure could be determined. Generally, it was necessary te 
move the piston in and out about } inch, until the observer felt it to be 
“alive.” It is doubtful if, with such large movements, and since the 
piston appears to have been rather crudely fashioned, any reliance car 
be placed on the test results. ; 

McDaniel and Garver used a pressure gauge consisting of a small 
flexible German-silver diaphragm acting upon a reservoir containing 
mercury. The reservoir was connected to a glass tube, and the pressure 
was indicated by the position of the mercury in the tube. No mention is 
made of the order of the movement of the diaphragm under the applied 
concrete pressure. RW 

Macklin calculated the pressure of concrete against the formwork by 
measuring the deflexion of the wood sheathing produced by these 
pressures. The deflexion of the sheathing relative to the supporting studs 


was measured by means of a dial-type micrometer mounted on a bridge 
arrangement. 


1 The references are given on p. 745, 
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The pressure cell used by the California Division of Highways consisted 
of a metal disk, to one side of which a sheet-rubber diaphragm was clamped 
in a manner similar to that of a drum head. A shallow space between the 
tubber diaphragm and the disk was filled with liquid, which operated 
an ordinary pressure gauge mounted on the back of the disk. The 
cells, 6 inches and 12 inches in diameter, were inserted into the form wall 
so that the rubber diaphragm was flush with the inside surface of the wall, 
and care was taken to extract all air from the pressure cell. No indication 
is given of the volume change undergone by the cell when the concrete 
pressure was applied. : 

Davis, Jansen, and Neelands,® during the restoration of the upstream 

surface of the Barker Dam with Prepakt concrete, attached strain meters 
to the l1-inch-diameter steel bars which anchored the pre-cast face slabs to 
the face of the old dam. The stresses in the anchor bar were calculated 
and the pressures against the slab form, during the process of filling with 
aggregate and the later process of grouting, were determined. The strain 
gauges were Carlson electric-resistance strain meters, and were welded to 
the anchor bar so that they formed part of the bar. Experience with the 
Carlson strain meters has indicated their general reliability. 
_ To measure the pressure of underwater concrete, placed by tremie, 
Halloran and Talbot? placed Waterways Experiment Station-type pressure 
cells in the forms, flush with the concrete surface. The movement of the 
diaphragm of the cell, resulting from the applied pressure, was of a very 
small order, and, in general, the results may be considered reliable. 
Similar pressure cells were used by the Bureau of Yards and Docks, 
Navy Department, for their tests on tremie-placed concrete.8 

Smith,9 Slater and Goldbeck,!9 and Teller 1! all used Goldbeck-type 
pressure cells inserted in the forms with the diaphragm flush with the 
inside surface. The working of this type of cell requires a small movement 
of the diaphragm against the concrete to break the circuit. The effect of 
this motion may have an important bearing on the pressure indicated by 
the cell, because it acts against the passive resistance of the concrete, 
which may be greater than the static pressure which existed prior to the 
movement. It is assumed that if the movement is small, the pressure 
required to break the contact is equal to the static concrete pressure. 
Data quoted by Seaquist 12 and Goldbeck 13 indicate that the counter- 
movement required to break contact was from 0-002 to 0-0004 inch for an 
applied pressure of about 7 Ib. per square inch. This motion is likely to 
have a serious effect in dense granular materials, such as concrete, where it 
will probably aid arching and hence show erroneous results. 
From the foregoing it can be seen that the methods used by various 
investigators for measuring form pressures varied considerably. In many 
cases, owing to the methods adopted, considerable doubt is thrown upon 
the accuracy of the results, and hence upon the reliability of many of the 
conclusions drawn from them. ; 6 
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Size AND SHAPE OF FoRMS 


The types and principal dimensions of formwork used by the various 
investigators reported in the Paper are shown in Table 1. 


TABLE 1 


Investigator | Size and shape of form 


Staby + sr ee ae | 15 foot high x 2 foot 6 inch square columns | 
Smith® . . . . « . | 10 foot high x 9} inch x 8 inch columns 
1» 0 le le ee ew) | 6 foot 8 inch high x 11 foot 5 inch x 10 ing 

wide wall blocks 
>» Os tw ew he. hel e | «66 foot 6 inch high x 18 inch wide wall 
Slater and Goldbeck?® . . . | 16 foot 11 inch high x 2 inch wide walls 
MacMillan 289". eae a a ~ 
McDaniel and Garver*® . . .| 15 foot high x 23 inch x 2 foot 6 inch columni | 
Teller™. . . . . . . +. | 12 foot high x 2 foot x 8inch columns - | 
Maxton 28 ons) ius peid Peteie einen * 
Portland Cement Association 1° . - 
Davis, Jansen, and Neelands*® . | 160 foot high x 3 foot to 8 foot wide wall 
Davis and Davis*#®*. . . . .| 2footto7 foot high x 2 foot x 6 inch wide wa 
> 3 sie heel wee my 9 foot high columns 
Stanton® . . . . . . «| 15 foot high x 18 inch to 26 inch wide wall 
~ ins Mat ed Dambite niall: 12 foot high x 3 foot wide wall 
os + + « « « « «| 6 foot square column 
Halloran and Talbot’. . . . | 48 foot high x 20 foot wide dock walls 
_ Bureau of Yards and Docks*® . | 29 foot high dock walls 
Hoffman ™ , 3-38 foot high x 3-28 foot x 7-0 foot column 
Mackin® . 2. 2. s , | 10 foot high 39 inch wide walls. 


* Indicates data not published. 


Rate or Fittiye Forms 
(1) Concrete Placed by Hand 
In the tests reported by Roby,1 the rate of filling the square column 


was varied between 1 and 10 feet per hour. The results for typical mixes 
are shown in Fig. 1, and are summarized in Table 2. , 


Fig. 1 
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TABLE 2 
Type of Rate of Maximum concrete Time to reach 
Mix filling pressure maximum pressure 
Normal 1 foot per hour 420 Ib. per square foot 3 hours 
” 2 ” ”? 570 ” ” 24 ” 
”? 4 ” 2”? 670 ” ” 14 hour 
yy 10 ” ” 780 ” ” ” 
Rich 1 foot per hour 540 Ib. per square foot 4 hours 
” 2 ” ” 690 ” 2”? 3 ” 
” | 4 Ey ” 1,000 ” ” 2 ” 


These tests indicate clearly that the higher the rate of filling, the 
greater will be the maximum pressure on the form. 

The results of laboratory and field tests made by Smith® are summarized 
in Table 3. They show that the maximum pressure exerted on the forms, 
and the head of concrete at the point of maximum pressure, both increase 
as the rate of filling increases. 

- Slater and Goldbeck!® measured the horizontal pressure exerted by 
‘concrete against the forms, while pouring part of a reinforced-concrete — 
pe. section. The concrete was made ofa 1:2:13 mix. The few Pr Sean aeee 


» 


I 09 Fl €9 og eee be ‘ 
8-8 £6 rn OST 0-6 £9 a | 8 ee ee p. 
6F 0-¢ GE 00¢ 098 TL 29 i Poe ? 
le Lg 8 9-9 og OST Lg 99 oe os" < 
Lg Lg og Le OZ 06 CE +9 cy le ae = 
i og OL CZ IF 09 OST GE 6¢ a eee De - « 
a 19 6L LT 8% 08 pin 91 99 <a a . 
E 99 9¢ oe Ll O&T OFT LT OL “ "°° Aapeng 9° E:T 
me ag 6F oz ££ OIL OFZ £8 _ a bs 
= 10 8L OZ Le O8I 01z Le 08 ~ “ 
, 06 06 0% OZ O0T OLT oT FL ~ te: fg:] 
a Lz Lz 8% ee OLT 08z FL Ig ' * + dumyjs ,¥6 :: 
5 8% 8% 8% e-£ 08z oge FL 19 [dumps fry < 
LE Le O-F oF OLT 0gz EL EL =" . 4 
- 9¢ 9¢ PE oF 01Z OFE 9-£ 9L — * Ayene _ 
S 99 oF 61 id OFI 09% 8-1 bho} * + + dumps for = 
b cg og 6% re 0&Z 00F $1 99 " * + dumys $6 s 
o 96 96 LG og 00¢ 08 LT 89 = | = aay Figiy 
: a Miva) a ie = Ser LS 
iS 8& 8g eF 8 069 O8F OL #9 ' *  * dumys #9 2 
LS 09 09 9-9 UL OSF 099 GL *9 : a. = bs 
F 99 99 F 8-F ogg 00¢ 8-¢ 89 iS 2 
fe 901 901 og O-F OLE 00F SI OL Ayengy bs 
Ay GL CL OZ 0-8 OLT  OFE 81 z9 *  dumyjs ,¢ €:r:4 
° [e197 eT [e010 4 Te19yerT T®014.10 4 [®10qe77 [8014.10 4 
4 conta semeanad | a ay sod *4y fs 
a Sejnuru : omssoad J09F : omssoad 43 “bs aod -qy : Sutmod : duraq Aduajstsu03 
2 WUNWIXeur 4B oul, WnWUIxeur 4% prey * oinssoad TUnNIXe py 


—..__ 


714 


(HLIKs) ‘SNYOd LSNIVOY HLAYONOO wo Saanssaua go SLSHaL—¢ aTavy, 


715 


RODIN ON PRESSURE OF CONCRETE ON FORMWORK 


soynuru : amssord 
UTANUIXeU 48 SULT, 


pereqe'T [801919 A 


DAM DOO 
A oO oO N SH oH 


0-€ = 


yer9qe'y [801310 A. 


gooy : omnssord 
UINUNXVUL 4% PBO}T 


yer97e'T [801919 A. 


43 “bs aad “qt 
somnsseid UINUIXe YL 


I ee eee ren 


8989.0 PLT 


0-06 
0:06 
G61 
0-1 
O-<T 
9-01 
06 


ary aod -95 
: Surmod 
Jo 0983] 


716 RODIN ON PRESSURE OF CONCRETE ON FORMWORK 
Fig. 2 
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PRESSURE OF CONCRETE AGAINST Forms (McDANIEL AND GARVER) 


taken indicated that at a pouring rate of about 6 feet per hour, the maxi- 
mum pressure against the forms was 460 lb. per square foot, owing to the 
head of concrete at the end of 40 minutes of pouring. After this time the 
pressure gradually decreased in spite of the increasing head of concrete. 

MacMillan \* states that ‘‘ tests made by the Aberthaw Company of 
Boston, and the results of field experience show that the pressure against 
forms should be figured on the basis that the first concrete is a liquid 
weighing 145 Ib. per cubic foot. This pressure continues to build up aS 
additional fresh concrete is added until a time period of approximately 30 
minutes has elapsed. After this time there seems to be no further increase 
in the maximum pressure. Obviously the strength of cleats, boards, ties, 
and other parts of forms for walls and columns must be considered in 
relation to the depth of concrete likely to be placed in 30 minutes. Concrete 
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Po 


placed during cold weather, unless the construction is enclosed and kept 
warm, continues to build up pressure for a period considerably longer 
than 30 minutes.” No other data are given. 

Fig. 2 shows the results of some field tests made by McDaniel and 
Garver,3 on 23-inch-by-30-inch posts containing reinforcing steel. A 
1:2:4 concrete of “wet” consistency was used; it required 7 to 9 


minutes to fill one of the posts, which is equivalent to a rate of pour of 


about 100 feet per hour. 


Fig. 3 


a 


Hydrostatic Pressure at 
Ib. per cubic foot 
a 


A 


CONCRETE PRESSURE: LB. PER SQUARE INCH 


Rate of pour 20 ft/hr 
Column | - hand spaded - 3}” slump 
ee pee ey foe 


3- vibrated -5” 
Pe - 14" 


e 
° 
a 
x 
+ 


5- 


6 7 
HEAD OF CONCRETE: FEET 


CoNCRETE PRESSURE FOR SPADED AND VIBRATED CONCRETE (TELLER) 


The results of some tests made by the Bureau of Public Roads were 
reported by Teller.11 Fig. 3 shows the concrete pressure plotted as a 
function of the head of concrete during the pouring of the columns, the 
pressure readings being for the lowest cell, which was located 1 foot above 
the base. The concrete was a 1: 2:4 mix and weighed 150 lb. per cubic 
foot, and the rate of filling was approximately 20 feet per hour; the 
temperature at the time of placing varied between 49° and 62° F. — 


Maxton 15 presented a set of pressure curves (see Fig. 4) to be used © 


for designing forms. Basic data for the upper portions of these curves, 
above the points of maximum pressure, were taken from tables compiled 


from tests made by the United States Army Engineers. (No details or — 
other test data are given.) The hydrostatic pressure line was-reduced, 
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however, from 150 to 140 Ib. per square foot, to make the data applicable — 
to low-slump concrete used in large forms. At the point of maximum > 
pressure, the Army Engineers’ data were abandoned (no reason being given — 
for this) and the curves were completed by using data obtained from — 
curves published in the Portland Cement Association’s publication “ Forms — 
for Architectural Concrete.” The latter gave pressures only for concrete — 
placed at 70° F. and at 50° F., and the remaining curves were interpolated. 
Maxton considers that the pressures given in Fig. 4 are ample for vibrated — 
concrete in widely spaced forms such as are used in block construction on 
locks and dams. The curves may also be used where high-slump concrete 


Fig. 4 
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CONCRETE PRESSURE AGAINST Forms (Maxon) 


is placed without vibrators in narrow forms. Where narrow forms, 
vibrators, and high rates of pour are used, a pressure equal to the hydro- 
static pressure of the concrete should be used for the full depth of the forms. 
_ The latest design curves published by the Portland Cement Associa: 
tion!® are presented in Figs 5, which are based on the results of tests 
made by the Universal Form Clamp Company on hand-placed concrete. 
Five rates of placing concrete, ranging from 2 feet to 6 feet per hour, are 
shown, ‘these rates being normally used for wall construction. Forms above 
the points of maximum pressure are to be designed to withstand pressures 
indicated by the solid lines. Forms below points of maximum pressure 
are to be designed to withstand the maximum pressures indicated for the 
various rates of fill. For more rapid placing, as might occur in columns, 
it is recommended that a hydrostatic pressure equivalent to that roils 
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rom a liquid weighing 125 Ib. per cubic foot should be used, as stated by 
ynn.'7 In neither of these two publications are any other test data 
resented. 

Davis, Jansen, and Neelands® have presented the results of form- 
pressure measurements taken during the restoration of the upstream face 
of Barker Dam with Prepakt concrete. Fig. 6 (a) shows the variation in 
form pressures, for several cell locations selected at random, caused by the 
aggregate. ig. 6 (b) shows the maximum lateral pressures produced by 
the aggregate during the entire process of filling the forms. In general, the 
authors consider that the lateral forces produced by the aggregates were 


Figs 5 
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considerably greater than those which might be expected from a granular 
material placed without vibration, and that the variations in pressure, as 
indicated by different meters, were large. Possible causes of the erratic 
form pressures were: (1) the effect of the daily variations in temperature 
on the anchor-bar steel to which the strain meters were attached; and 
(2) the method of pouring, which might have produced local vibrations. 
No information is given regarding the rate of pouring. During the period 
of grouting, at an average rate of 20 feet per day, the increase in form — 
pressure contributed by the grout wasso small as to be practically negligible. — 
Since, under the low-temperature conditions at Barker Dam, the grout 
(having an initial temperature of about 50° F.) remained in a plastic state 
for a period of not less than 24 hours, and therefore might by itself be _ 
expected to create full liquid pressure for this period of time, it appears, 
according to the authors, that the laws governing lateral pressures.of freshly — 
Te” 
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Figs 6 
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grouted aggregate masses are at variance with those which apply to the 
grout alone. 


(2) Conerete Placed by Vibration 

A limited amount of data concerning the effect of vibration on the 
pressure of concrete against deep forms was obtained from tests made by 
the Bureau of Public Roads and reported by Teller.11 The vibrator con- 
sisted of an electric motor, operating at a frequency of 3,600 vibrations 
per minute, attached to the outside of the form. The results obtained 
are shown in Fig. 3, which compares the effects of vibration and hand- 
spading. In the case of the vibrated concrete the fluidity was retained 
throughout the depth of pour, even for the concrete having a slump of 
only 14 inch. : / 

In presenting their conclusions of an investigation to determine the 
effect of vibrated concrete on form pressures, Davis and Davis 38 state : 
“During the period of vibratory tamping, the pressure of fresh concrete 
against the form, for that portion of the mass which is in agitation, is 
substantially the same as that which would be produced by a liquid 
having the same density as the concrete. This is true regardless of the 
consistency of the mix. After the cessation of vibration, however, the 
pressure against the forms drops off rapidly, until in a few minutes it is 


in oe ie aa) 
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approximately the same as that produced by hand-tamped concrete under 
ordinary conditions. Under conditions encountered in building con- 
struction, with the limitations there obtained as regards rate of pour and 
mass of concrete to be vibrated, the maximum form pressures may be 
expected to be of the order of perhaps 3 to 4 1b. per square inch.” No 
details of the test results upon which this conclusion was based are given. 

Stanton ® reported the results of a series of tests made by the California 
Division of Highways to ascertain the effect of an electrically-driven 
internal vibrator on concrete pressures. Measurements were made on 
five different structures. The first structure was a retaining wall 15 feet 


Fig. .7 
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high, 26 inches wide at the bottom, and 18 inches wide at the top, 
the pressure cell being placed 4 feet above the footing. Fg. 7 shows the 
relationship between the height of the concrete above the cell and 
the recorded pressure. Except in the instance noted in the diagram, the 
vibrator was embedded in the upper 2 feet. The readings indicated that 
the full hydrostatic pressure acted until the head of concrete was 4:3 feet, 


after which the concrete pressure steadily decreased, except when the _ 


vibrator was lowered through the concrete to a point about 2 feet above — 


the cell for a period of 2 minutes. The second and third tests were made 


during the placing of a wall 3 feet thick and 12 feet high ; the fourth ‘ona 


‘battered wall similar to that in the first test; and the fifth on a large 
ie —% é 


‘Halloran and Talbot7included measurement of form pressures by W. E. 8.- 
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column approximately 6 feet square, in which the concrete was places i 
rapidly. The results were as shown in Table 4. 


TABLE 4 
Limit of hydrostatic pressure | Maximum 
ee head of Remarks 
No. Pressure : Concrete head :| concrete : 
lb. per sq. in. feet feet 
1 4:3 4:3 10 No further increase in pressure 
2 6-0 7-0 ia ” ” ” ; 
3 5:3 7-0 ll | as x a 
4 4:5 4:5 i 13 | ” ” ” : 
5 6-2 6-5 9-5 Maximum pressure of 6-7 lb. 


. sq. in. at 9-5 feet 


All the concretes were designed to have a slump of 2 inches, but some 
differences in workability were noted. No information is given on the 
concrete mixes used in these tests. It has been assumed that in tests 
Nos 2 to 5 the rate of pour was 14 feet per hour as in test No. 1. 


(3) Concrete Placed Under Water by Tremie 
A study of the behaviour of concrete placed by tremie reported by 


type pressure cells. It was found that the form pressures were lower than 
had been assumed (presumably the equivalent hydrostatic head). In 
general, the pressures continued to build up to a maximum until the con- 
crete reached a head of about 10 feet above the cell, after which the pres- 
sures reduced. With some cells, for example No. 8, the pressure stopped 
decreasing after a short time, and then continued to increase again over 
a long period of time. Vibration, location of the tremie, and elevation 
of the tremie with respect to the cells affected the pressure. Stiffening of 
the concrete, whether the result of hardening because of lapse of time, or 
of rapid-setting action of the cement, or temperature of the* concrete, 
materially affected the flow of the concrete and the transmission of pressure. 
The flow of the concrete from the tremie towards a cell caused the building 
up of pressures greater than those caused by static head, even through 
several feet of concrete. It was also found that the pressures were reduced 
materially after the bottom of the tremie was raised above the elevation of 
the pressure cell. ig. 8 shows: (1) the elevation of the concrete ei 
respect to time ; and (2) the elevation of the bottom of the tremie for each 
elevation of the concrete. Superimposed on these curves is a pressure 
curve for each cell on which the pressure is plotted against time. The net 

pressures were obtained by subtracting the full hydraulic pressure from the 
indicated cell pressure. From the limited data presented by the authors, 
that for cell No. 8 shows the highest concrete pressures, as follows: 
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Maximum net concrete pressure = 575 Ib. per square foot. 
Concrete head at maximum pressure = 17:5 feet. 
Rate of pour = 4 feet per hour. 


The’ concrete mix contained seven sacks of cement per cubic yard of 
concrete and a water/cement ratio of 54 gallons per sack, giving a slump 
of 7 inches. 


Fig. § 


4g zih:M) 3 4 5 6 7 8 9 (P.M.) 


46 


44 


42:25 at cell No. 5 | 


42 rn Pressure 


Top of concrete at cell channel cell No. 5 


40 Top of concrete at tremie No. 7 ——** 


Top of concrete at tremie No. 8 4 200 
38 


36°75 at cell No. 6 / 0 


36 


NET PRESSURE; LB. PER SQUARE FOOT 


i Bottom of tremie No. 8 


ELEVATION OF SURFACE OF CONCRETE: FEET 


34 


ie ’ ano 


32 ae 
‘’ 
Pa Era i aicuce cell 
No. 8 


30 
28:75 at cell No. 8 


28 


8 9(P.M.) 


.M.. 4 5 6 7 
2 (P.M.) 3 TIME 


PressuRE OF TREMIE-PLACED ConcRETE (HALLORAN AND TALBOT) 
During the construction of a dry-dock, the Bureau of Yards and Docks® 
measured the lateral pressure exerted on the forms during tremie pouring, 
by means of the W. E. 8.-type pressure cells. Two tests were made, using 
rates of pour of 2°75 and 3-8 feet per hour, the concrete containing seven — 
‘sacks of cement per cubic yard and having a slump of 6} inches. Some 
typical pressure curves are shown in Fig. 9. A summary of the results 
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showed that, at first, the lateral pressures were closely related to the 
equivalent liquid pressure head of the (submerged) concrete, and then 
reduced by an amount ranging from 10 to 65 per cent of the equivalent 
liquid pressure head of the concrete. The maximum lateral pressure 
measured during the period of initial setting was 500 Ib. per square foot, 


under a head of concrete of nearly 8 feet above the height of the cell and 


Fig. 9 
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PRESSURE OF TREMIE- PLACED ConorrTEe (BuREAU or Yarps AND Dooxs) 


2 hours after placing. The equivalent liquid pressure head of th e. 

tremie-placed concrete was 625 Ib. per square foot. (Allowing for the — 

. submerged weight of the concrete, this is equivalent to a pressure in air 
of 500-+(8 x 64) = 1,010 Ib. per square foot.) Some cells indicated larger 


and gradually increasing pressures for several hours after the orth | 
of pouring. | pletion 


; RODIN ON PRESSURE OF CONCRETE ON FORMWORK 725 


CoNSISTENCY AND Proportions or Mrx 


To determine the influence of cement and water content on form 
‘pressures, Roby ! made a series of tests using the concrete mixes shown in 


Table 5. 


TABLE 5 
Normal Dry Rich Lean 
mroportions . .. . . » - | 1:2: 3h 1:2: 33 tT}: 1:23:5 
Average slump .... . 7 in. 3 in. 7 in. 7 in. 
Water/cement ratio . . . . 0-91 0-86 0-66 1-10 
Poeniosiy:/C0. 1. 2 + « 151 151 150 154 
Design strength: lb./sq.in.. . 2,400 2,700 er 3,800 1,700 


CONCRETE PRESSURE: LB. PER SQUARE FOOT 


Rate of pour ....... 4 ft/hr r 
Temperature ........ 60Fto 70 F 
Types of mixes as shown 


HEAD OF CONCRETE: FEET - oe 
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Fig. 10 shows the influence of consistency of the mix, when placed 
the rate of 4 feet per hour. The cement content had a large effect on the 
form pressures, the rich mixes developing pressures 40 per cent grea 
than the normal mix, which in turn developed pressures of about 15 
cent more than the lean mix. The influence of water content is clear 
shown by the dry mix, which developed a maximum pressure of abot 
20 to 25 per cent less than the normal mix. 

The results of the tests reported by Smith 9 (see Table 3) also show 
the richer the mix the greater is the maximum pressure. The variation’ 
in the average maximum lateral pressure with the richness of the mix 
for different rates of pour was as indicated in Table 6. 


TABLE 6 


Percentage of 
1:2:4-mix ~ 


The average relation between the mixes is :— 


Te 0 "8 .. 178 per cent 
ea ae | in by aoe by 
1:23:33 .. Ses, 
1:3:6 => sho FOS, 


» 


The above results show a tendency for the pressures produced by both the 
lean and rich mixes to increase more rapidly than those for the normal 
mix, as the rate of pouring increases. However, the wide scattering of the 
individual results, and the limited data for the 1:2}: 33 mix, which 
differ considerably from the data for the 1:2:4 mix, make it difficult 
to draw any definite conclusions. Smith also found that in general the 
maximum pressure increased as the consistency of the concrete was made 
drier, within the limit of workability. This is the opposite of what might 
be expected. Smith considered that it was probably due to the fact that, 
under the usual conditions of placing, dry concrete required more tamping 
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127 


and, because of its dryness, seemed to develop a permanent wedging action 
between the particles. In the case of wet or sloppy concrete this wedging 
action does not exist. For low heads the dry concrete (when tamped as 


TABLE 7 
Rate of pour : Temperature : Maximum Percentage of 
feet per hour oF pressure : pressure 
Ib./sq. ft at 70° F. 
Maxton 
2° 80 340 92 
70 370 100 
60 400 108 
50 450 122 
40 530 143 
3. 80 460 94 
70 490 100 
60 530 108 
50 630 128 
40 730 149 
4 80 540 93 
70 580 100 
60 650 112 
50 720 124 
40 900 155 
5 80 630 94 
70 670 100 
60 750 112 
50 870 130 Average 
40 1,050 157 percentage 
6 80 680 93 93 
70 730 100 100 
60 840 115 111 
50 980 134 128 
40 1,180 162 153 
Portland Cement Association 
2 70 350 100 
50 450 129 
ove 70 450 100 
50 600 133 


70 
50 


70 
50 


70 
50 


Average 
percentage 


100 
133 
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usual) gave the greater lateral pressure, but for heads of 4 feet or more 
sloppy mixes gave the greater pressure. 


TEMPERATURE OF THE CONCRETE 


Roby ! showed by the results of his tests that the pressures develope 
during hot weather are less than those under moderate temperatur { 
Mixtures having a placement temperature of 100° F. developed maximum 
form pressures equal to 60 to 75 per cent of those developed by the same 
mixes at 60° F. 

“Teller 11 quotes a case Wars two columns were filled with vibrated 
concrete at a temperature of 74° F.; a pressure of approximately 110 per: 
cent of that for a similar concrete mix at 49° F. was developed. However, , 
another variable was present in that the former concrete had a 34-inch 
slump whilst the latter had a 14-inch slump, which might have influen 
the relation to some extent. 

In the form-pressure curves presented by Maxton 1° (see Fig. 4) : 
effect of temperature of concrete on the concrete pressure has been allowed 
for. As previously mentioned, these curves are based on data from the 
U.S. Army Engineers and the Portland Cement Association. The values 
of the maximum pressure for each curve have been correlated in Table 7, 
and calculated as a function of the pressure at a temperature of 70° F., 
which has been taken as a nominal value. The average values show a. 
marked tendency for the pressure to increase as the temperature decreases. 
There is also a tendency for the maximum pressure to increase relative to 
the pressure at 70° F. as the rate of pouring increases. 

Figs 5 show the results of tests made by the Universal Form 
Clamp Company !6 on hand-placed concrete. Fig. 5 (a) gives pressures it 1 
wall formswhen theconcrete has a temperature of 70°F., and Fig. 5 (b) gives: 
similar data when the temperature is 50°F. The maximum pressure for 
each curve is shown in Table 7, and a tendency similar to that shown by 
Maxton’s data is indicated. 


Tre oF InrriaL AND Frnat SEerrina oF THE CEMENT 


In the tests reported by Roby! the cement had the characteristics 
indicated in Table 8. 


TABLE 8 
: Elapsed time of 
~ Location of storage | Average temp.: | setting : hours 
of pat °F, ——_————_ 
Initial | Final 
Icecooler: = 4% 45 6 
Moist closet. . F 70 34 rst 
Room (pats cracked) ; 80 24 4} 
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The test results shown in Figs 1 and 10 indicated that the time required 
for maximum pressures to be reached was much shorter than the time of 
initial set, particularly for the more rapid rates of filling forms. During 
his tests Roby found that immediately after the point of maximum 
pressure was reached, the lower panel of the form could be removed, 
and the concrete was both stable and firm. The shortest time to reach 
the maximum pressure was } hour. 


Sizz— AND SHAPE or Form 


Smith® made some field tests and measured the lateral pressure of the 
concrete against the form, in places where the distance between the form 
walls differed. The results indicated that the maximum pressures increased 
slightly with the mass of the concrete when it was wet and sloppy. 
Reinforcing just inside the form tended to decrease the pressure slightly, 
but Smith considered that this effect should probably be neglected in 
determining the final pressures for use in design. 

The other investigators reported in the Paper generally used only one 
size and shape of form work, as listed in Table 1. 


THEORIES OF CoNCRETE PRESSURE AGAINST ForMS 


Theuer 19 in a review of “Pressure of Concrete Against Forms” by 
R. Hoffman, quotes the following exponential form of expression for the 
ratio of conjugate stresses as suggested by Hoffman : 


ede ee ee iy 


where A denotes the coefficient of conjugate stresses at time ¢, and at 
height z above the bottom of the box 
Ao denotes the value of A at time ¢ = 0 
P denotes the lateral pressure 
a denotes a coefficient of dimension P-!, and a measure of the rate 


of decrease of s. 
R denotes rate of rise of concrete in forms 


) is considered to be dependent on the nature of the aggregate, water 
ontent, and density of the mix ; and «, on the nature of the cement and 
he temperature. Multiplying (1) by the following : 

Ly Rt — 2) 
vhere —_y denotes the specific weight of the mix, ae 
foffman arrives at the following expression for the lateral pressure : 
i at 


ee 


730 RODIN ON PRESSURE OF CONCRETE ON FORMWORK 


P= R(t — 3] Se 
with the two constants to be determined by experiment. Taking Hoff - 
mann’s observations (based on tests on a form 3-38 feet high and 3-28 by 
7-00 feet in cross-section, and placing superimposed loads on the concrete, 
as to maintain an average rate of pour equivalent to 1-16 feet per hour), 
assuming y= 150 lb. per cubic foot, R=1-16 feet per hour, and z=3*38 fee | 
the values of Ay = 0-93 and « = 0-12 are obtained. Hoffman obtains limits 
(corresponding to before and after vibration) of 0-93 and 0-36 for Ao, an 
0-10 for « in both cases. By means of graphs for different locations of #; 
Hoffman shows that all curves are the same except for a time offset or lag, 


1 x 
the maximum value for P being obtained when z = R(t _ ‘) and it is 
independent of bothzand¢. This maximum is first reached when z = 0 at | 
time t = -. 
% 


It should be noted that, in his tests, Hoffman observed that the maxi- | 
mum lateral pressure occurred after the application of the second super- 
imposed loading, 9 hours after the start of the test. : 

It is not known on what other tests, if any, the above formulae are 
based, or if superimposed loading is a valid replacement for concrete 
in a shallow box. It is doubtful whether such a complicated formula for 
_ lateral pressure can be used at the present stage, when there is a marked 
lack of experimental data. . | 

From the results of his tests, Smith® proposed the following empirical 
formula giving the lateral pressures required to design forms : 


P= HO, R03 +0120 —08S. . . . . (8) | 


where P denotes resultant lateral pressure in Ib. per square inch 
R_,, rate of fill in feet per hour 
H _,, head of concrete fill 
C,, percentage by volume of cement to combined fine « 
coarse aggregate 
S ,, consistency in inches of slump. 


For usual conditions H may be taken as not greater than $R. For 
ordinary cement in cold weather, or when continuously poured and well 
agitated, H may be }R when the filling is continuous beyond 1 hour. 
A second pouring on top of concrete that has been in place for 45 minutes’ 
or more does not add to the pressures already existing at the bottom of the 
fill. The value of P obtained by the formula is the lateral pressure against 
_ the form at the lowest point of the fill. Since the pressures are not 
uniform from top to bottom, but, according to Smith, vary approximately 
as the ordinates of a parabola, the centre of pressure or point of the 
resultant may be taken at 0-6 of the height of the fill, H, from the top 
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On the basis of data from other investigators, together with his own 
computed pressure values, Macklin * produced the curve shown in Fig. 12, 
telating pressure against rate of pour. It is an empirical curve which 

rves as an envelope for most of the data, and has the following ex- 
ponential equation : 


peini aya) oa. . S UNAS 


where P and RF are as above. This formula is proposed for a 1:2: 4 
concrete mix, and correction factors are presented whereby the pressure is 
increased for richer mixes and decreased for leaner mixes. A further 
modification is that if vibration is used for consolidating the concrete, a 
value of 300 Ib. per square foot should be added to the pressure obtained 
from equation (4), irrespective of any other factor. No evidence is given 
‘to support the values to be used in either of these modifications. 


AuTHOR’s Concert oF CoNCRETE PrEessuRE AGAINST Forms 


_ In reading through the numerous publications on concrete pressures 
against formwork, the Author has noticed an almost completely empirical 
‘approach to the problem. This is probably to be expected since the 
‘presence of so many variables greatly complicate the problem. There has 
been very little attempt to give a rational explanation of the variation of 
lateral pressure against the form, based on the actual physical charac- 
teristics of the concrete. The following is an attempt to explain why the 
pressure distribution is not hydrostatic. 

__ Assuming a particular concrete mix, placed by hand, at a constant 
temperature and rate of pour, in a form of width x and infinitely long, as 
shown in Fig. 11 (d). The aggregate settles until the grains are in contact 
with each other (actually, they are usually separated by a thin film of 
mortar) and surrounded by the cement-mortar matrix. When the 
concrete has reached a height h, the lateral pressure distribution should 
be as shown in curve I, Fig. 11 (e), if the concrete acted as a fluid. It has 
een shown by Terzaghi2! that for a granular material, if the lateral 
support yields by tilting around its lower edge, the pressure distribution 
is hydrostatic, as shown in Figs 11 (a). However, a yield by tilting 
around the upper edge is associated with an approximately parabolic 
pressure distribution (b), while a yield parallel to its original position 
causes a pressure distribution between a parabolic and hydrostatic distri- 
bution (c). This deviation from the hydrostatic distribution has been 
explained by Terzaghi as being caused by an “ arching effect,” resulting 
from a transfer of pressure from a yielding mass into adjoining stationary 
parts. Arching also takes place if one part of a yielding support moves _ 


out more than the adjoining part. - 4 
y ce 
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A study of forms generally used for walls and columns iin FE 

indicates that the type of deflexion that can occur in the formwork 
Figs 11 
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arching action generally occurs in formwork, and that this effect, in 
addition to friction between the concrete and form, causes the lateral 
pressure distribution—neglecting, for the moment, the increasing shearing 
Tesistance of the concrete with time—to lay somewhere between cases 
(6) and (c), for example as shown by curve II in Fig. 11 (e). The degree 
of arching action is probably affected primarily by : (1) the yielding and 
deformations that can occur in the forms, because of the flexibility of the 
© 
i: 
ratio gets, then, presumably, the greater is the arching effect, since it 
becomes increasingly difficult for the concrete to deform sufficiently to 
mobilize its full shearing resistance. The lateral bulging of the sheathing 
between the stud supports, of the studs between the wale supports, and 
of the wales between the tie rods, induces concentrations of the pressures 
in the vicinity of the rigid parts, at the expense of the more yielding parts 
of the form. 

However, the problem is further complicated by the fact that, during 
the process of pouring, the cement mortar is undergoing a continuous 
process of hardening, resulting in an increasing shearing strength and 
rigidity. Hence, it is to be expected that at a point Y,in Fig. 11 (d), as 
the head h increases, an increase in head, dh, has a decreasing effect on 
the increase in lateral pressure P, that is to say, as h increases the ratio 


tie rods, wales, studs, and sheathing ; and (2) the ratio The smaller this 


! ah decreases. 


Considering the change in lateral pressure at point Y, if the concrete 
acted as a fluid, the lateral pressure is given by curve I, Fig. 11 (f). 
Resulting from arching action alone, the pressure increases according to 
curve II (this was clearly brought out by the measurements on granular 
material at Barker Dam, see Fig. 6 (b)). Since, however, the shear strength 


dP ; 
and rigidity of the mortar is continuously increasing, Th decreases with 


increasing head, and the increase in pressure follows curve III, until a 
point of maximum lateral pressure, Pm, is reached. The reason for this 
maximum pressure is not immediately clear, and unless some shrinkage 
occurred in the concrete at Y, one might expect the pressure to follow 
curve III A. However, the reason for a decreasing pressure, after the 
point Pm is reached, might be explained thus :—Up to the time of setting, 
fresh concrete shrinks and settles in the form with an appreciable decrease 
in volume owing to expulsion of water or “bleeding”. If there is ‘no 
bleeding or form leakage, the decrease in volume is caused by a portion 
of the water being absorbed by the aggregate and entering into combination 


with the cement while the fresh concrete is still in a plastic state. Bleeding — 


and form leakage, however, often contribute more to setting shrinkage | 
than do absorption and chemical change. Initially, then, one would 
«46 
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expect that the head of concrete acting on the section at ¥ counteracts t 
shrinkage stresses, and the concrete is in a sufficiently plastic state for i 
to flow and take up a position of equilibrium with the deflecting formwo kk, 
without any appreciable drop in lateral pressure. However, by the time 
point Pm» is reached, owing to the increasing arching action and friction on 
the side of the forms, the concrete is prevented from settling as much as 
it would if these restraints were not present, and the shrinkage stresses: 
due to settling become greater than the increase in lateral pressure dP, 
resulting in a decrease of the total lateral pressure, as h is further increase¢ 
This would produce a curve similar to curve II (Fw. 11 (f)), and 1e 
distribution of lateral pressure with depth of form would be that giver 
by curve III, Fig. 11 (e). 
On this basis, the amount of shrinkage would depend primarily on the 
loss of water during the filling of the form. It is known that the effect ; 
of continuously maintaining an excess of moisture within concrete is, in 
general, to produce expansion over a long period of time, caused by” 
continued hydration of the cement. Hence, if the concrete at Y is kept 
continuously saturated, for example as in tremie-placed concrete, the 
pressure would be expected to follow curve III A. As soon as sufficient | 
pore water has escaped from the pores of the concrete, the colloidal gel in 
the hardened cement-water paste begins to contract, causing the concrete 
to shrink, so that the degree of saturation, and the lack or presence of 
excess water to replace the water used in the hydration process, will 
probably determine whether the lateral pressure follows curve III or III A. 
Hence, such factors as the tightness of the formwork and the ability of the 
material in contact with the concrete to absorb water would affect tk 
lateral pressure of the concrete against the form. a 
An additional possible cause of a change in lateral pressure at a point 
might be the effect of the location of the pressure cell. The formwork 
essentially consists of a series of panels supported on continuous beams 
acting in two directions, which in turn are supported by a series of point 
reactions at each corner of the panel. These supports are not rigidly fixed, 
and they can deflect an amount proportional to the Joad upon them 
The condition of the concrete is continuously changing, being more rigi¢ 
in the lower part of the pour. As the head of concrete is increased, there 
is (because of the arching action and stiffening of the lower concrete) | 
correspondingly larger increase in the lateral pressure of the upper part 
of the pour, producing different changes in moments at different parts of 
the form, and the effect on the pressure recorded by a cell will depend on 
its location. It is conceivable that at point Y a condition might be 
reached where, with an additional increase in head, dh, the resulting 
changes in movement might tend to cause the form to bend outwards at Y. 
The concrete, having stiffened during the period of pour, might be unable 
to follow this change in the formwork without mobilizing an increasing 
shearing resistance, and so lowering the actual lateral pressure, until | ' 


RODIN ON PRESSURE OF CONCRETE ON FORMWORK 735 


osition of equilibrium with the forimwork is reached. It is also possible 
hat the changing moments resulting from the increasing height of concrete 
might cause a reverse change at a point such as Y, that is to say, change 
the pressure from an active to a passive state, and so greatly affect the 
pressure reading given by the cell, particularly where the latter requires 
movement against the hardening concrete. It is difficult to picture, 
qualitatively, the exact effect of these changing moments on the pressure 
curve, since it will depend upon the design and flexibility of the form, and 
the location of the cell, as well as the rate of hardening of the concrete. 


ANALYSIS OF EXPERIMENTAL Data 

(1) Rate of Pour 

(a) Hand-placed concrete——In order to correlate the results of these 
investigations, the available data have been plotted in Figs 12, 13, and 14. 
Fig. 12 shows the relation between the maximum recorded pressure and 
the rate of pour; Fig. 13 shows the relation between the head of concrete 
at maximum pressure and the rate of pour, and Fig. 14 shows the effect of 
the rate of pour on the time required to reach the maximum pressure. 
In an attempt to cancel out the effects of temperature of the concrete and 
the type of concrete, where the test results included such data, only those 
results for nominal 1: 2:4 concrete mixes poured at a temperature of 
about 70° F. are presented, since these represent average conditions. 

The spread of the different test data is considerable, more so than is 
normally expected from concrete. Assuming that the effects of the 
variables—temperature and concrete mixes—have been reduced to a 
negligible factor, which, as a first step, is a reasonable approximation, 
then the large scattering of the results may be attributed primarily to the 
following factors :— 

(i) Reliability and accuracy of the methods for measuring the concrete 
pressures, which, as previously explained, vary between different in- 
vestigations. There is no way of “ correcting ” the results. 

(ii) Variation in size, shape, and flexibility of the form. There is 
insufficient information to make any allowance either for this factor, or 
for the relative location of the cell with respect to the more rigid or more 
flexible parts of the formwork. : 

_ (iii) Variations in the consistency and proportions of the mixes used by 
the different investigators. An attempt has been made, where different 
mixes were used, to plot only the data for 1: 2:4 mixes, but little could 
be done to allow for the widely different consistencies that were used. 
Since the test results are too few and the scatter too large, it is not 
possible to obtain an accurate mathematical relationship between the 
factors plotted. In order to produce a general approximate relationship 
which may be used for design purposes, the Author has drawn in each 
liagram a curve which is approximately an envelope to, and which closely = 
follows the trend of, the plotted points. These curves are purely empirical, 


fi, 


_ which the maximum pressure occurs. But at high rates of pour it is 
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and in drawing them, an attempt has been made to account for the proba Dle¢ 
reliability of the data. The curves may be represented by the followi ge 
equations : ; ft 
Pm = 400 Rt Ib. per square foot . . . . (5) 
= 110 H,, lb. per square foot . . . . (6) 
Hy = 86 Bh feet 24 |, oe 29635, se 


Ta = Fy bows |. il) Lope a ae 


where P,», denotes maximum concrete pressure, in Ib. per square foot _ 
R », Tate of pouring, in feet per hour 
Hm, __ head of concrete at maximum pressure, in feet 
Tm ,; time to reach maximum pressure, in hours. 


The following observations are of interest :— 


(i) The maximum concrete pressure, with respect to the head of 
concrete at that point, is equivalent to a fluid hydrostatic pressure of 
110 lb. per square foot, which is only 75 per cent of the full pressure of ; 
liquid weighing 150 Ib. per cubic foot (this value being the average density 
of concrete). This compares with the values generally quoted in textbooks, 
that is to say, the lateral pressure should be assumed to be the equivalent 
of the hydrostatic pressure of a liquid weighing between 125 and 145 Ib, 
per cubic foot. 

(ii) The time required to reach the maximum pressure varies from 
about 4 hour, for rapid rates of pouring, to about 2 hours for slow rates of 
pouring. The greatest variation occurs at the lower rates of pour. 

(iii) The head of concrete at which the maximum pressure occurs 
increases at a decreasing rate as the rate of pouring increases. 

This appears to indicate that at low rates of pour the rate of hardening 
of the concrete has a predominating effect in determining the head at 


probably the effect of arching which largely determines the head at 
maximum pressure ; for example, McDanieland Garver’ obtained maximun 
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pressures at a head of 10 feet, for a rate of pour of about 100 feet per how 
that is, in about 6 minutes, during which only a negligible increase in 
concrete strength could have occurred. Since for a given form, th 
arching action should depend little, if at all, on the rate of pour, it wow 
be expected that for high rates of pour there would be little change in the 
head producing maximum pressure and the value of this pressure, amy 
change being largely due to the hardening of the concrete. This seems 6 
be brought out by the trend of the plotted data. 
(b) Vibrated concrete—The available test data for vibrated concrei 
are very scanty. Where external vibrators are used, the full depth o: 
concrete is in agitation, and appears to act as a fluid, so that the forms 
should be designed for the full hydrostatic pressure of a liquid having the 
same density as the concrete. This is in accord with the results obtainec 
by Teller,11 and shown in Fig. 3. However, where internal vibrators ate 
used, it is the normal practice to insert the vibrator into the top 2 feet 
or so of the concrete, and as the height of pour increases, it seems reason+ 
able to assume that only the mass of concrete in the upper few feet will be 
“affected by the vibratory agitation sufficiently to produce a full fluid 
pressure. Below this depth, it might be expected that the concrete wil 
behave in a manner similar to hand-placed concrete. Further, the nar- 


on the stresses in the formwork. The test results obtained by Stanton® 
indicate such an action (see Fig. 7) by the fairly sudden departure of the 
measured pressure from the full hydrostatic curve. Also, Davis and 
Davis 18 state that maximum form pressures may be expected to be of the 
order of 450 to 600 Ib. per square foot. However, although it would be too 
conservative to design for the full hydrostatic pressure for the total depth 
of pour, there is no information regarding the effective depth of agitation) 
for which the full hydrostatic pressure is acting. Hence, the Author 
considers that, at this stage, it might be satisfactory to assume a be- 
haviour similar to that of hand-placed concrete, in that the concrete 
pressure increases to a maximum value at a head given by the curve in 
Fig. 13 and equation (7), but assuming a full hydrostatic pressure, rather 
than only 75 per cent, For concrete compacted with an internal vibrator 
and weighing 150 lb. per cubic foot, this gives a maximum lateral pressure 
of : 4 
Pm = 540 Rt lb. per square foot. . . . . (9) 

This curve has been plotted in Fig. 12. 
___ (c) Tremie-placed concrete-—The experimental data are meagre. Both 
the investigations’ 8 reported show that the pressures built up to 
maximum and then generally dropped off, and that, for the rates of pour 
of 3 to 4 feet per hour, the maximum pressure was usually reached in 1} 
to 3 hours. In the report by the Bureau of Yards and Docks8 a rather 

comprehensive series of pressure curves are given. Three typical curves 
are shown in Fig. 9. Most curves show a decline in pressure varying 


— i + 
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Fig. 14 


TIME TO REACH MAXIMUM PRESSURE: MINUTES 


0 2 4 6 8 10 12 14 16 18 20 22 24 
RATE OF POUR: FEET PER HOUR 


k b 
Z & 
(6) UO 
[4 
& rl 
vd z 
fe} 
7 : 
w 
< ¢ 
ro} ° 
oO U 
cS zs Sea: 
MIX PROPORTIONS SLUMP: INCHES 
Errect or Mix PROPORTIONS Errect orf SLUMP OF CONCRETE 


120 


CORRECTION: PER CENT 
8 


60! 
30 40 50 60 70 80 90 100 110 
TEMPERATURE: °F, 


BErreot or TEMPERATURE OF CONCRETH 


f 


. elapsed for the heat of hydration to raise the initial temperature of thet 


740 RODIN ON PRESSURE OF CONCRETE ON FORMWORK 


probably the result of the combined effects of shrinkage of concrete am 
deflexion of the forms owing to loading of the upper portions of the fo: m 
It seems doubtful, however, whether any shrinkage occurred in the settings 
concrete, since it was completely submerged in wood forms. It was é 0 
noted in most of the wall-form tests that the decline in pressure intensity; 


as being caused by the continued hydration of the cement and also by 
some excess thermal expansion of the concrete compared with the linear 
expansion of the steel tie rods. It is probable that sufficient time had! 


mass of concrete. Although this rise in pressure may be of considerables 

magnitude, it occurs at sufficient time after initial set to preclude any 

serious danger from failure. 
Since there are no data to indicate the effect of rate of pour on the lateral 

pressures produced by tremie-placed concrete, no general conclusions 

be drawn. - 


(2) Consistency and Proportions of Mix 

The only investigators who have published any information on the 
effect of the mix proportions on hand-placed concrete are Roby 1 and 
Smith.® The results of their tests have been plotted in Fig. 15, to show 
the values of the ratio : 7 


maximum pressure produced by a particular mix 


maximum pressure produced by 1 : 2: 4 mix Sh Shae 


for the different mixes, at the same rate of pour. As indicated by thes 
tests, the maximum pressure increases as the mix becomes richer in 
cement content. The curve drawn by the Author, to show the correcti 
factors that should be applied to the curves drawn on Figs 12, 13, and 14, 
which are for 1 : 2 : 4 mixes, is probably somewhat on the conservative si 
owing to the scant information available. The correction factor for a very 
rich mix, that is, a 1: 1:2 mix, has been chosen as 136 per cent, which 
gives a maximum pressure equal to the full hydrostatic pressure at the 
depth where the maximum pressure is obtained. For a very lean (1 : 4: 8) 
mix, a correction factor of 75 per cent has been tentatively chosen, since 
it would be expected that the leaner the mix, the greater would be the 
arching action. : 

It seems reasonable to expect that the consistency, or water/cement 
ratio, of the mix has an equally important effect on the lateral pressure 
that is to say, for a particular mix, the higher the water/cement ratio thi 
greater would be the equivalent hydrostatic pressure, principally because 
of a reduction in the strength of the mortar. The only investigators wh 

3 gee 
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used concrete mixes with varying slumps were Roby,! Smith, and Teller.12 
In Fig. 16, the values of the ratio : 


maximum pressure produced by a particular slump 
theoretical maximum pressure for same rate of pour 


x 100 per cent 


have been plotted against the slump of the mix. The theoretical maximum 
pressure is that given by the curve P» = 400 Rt in Fig. 12, and corrected 
for the particular mix by means of the curve in Fig. 15. The data from 
Roby and Teller, which appear more consistent than the data from Smith, 
show a definite increase in pressure as the slump increases and becomes 
more “ fluid,” and the curve has been drawn to attempt to show the 
effect of consistency. It is fully realized that this curve is of a very 
approximate nature, owing to the small amount of experimental data. 
It is possible that the drier and lower-slump concrete, requiring more 
tamping and greater effort to compact the material in place, might tend 
to increase the lateral pressure, and so counterbalance the effect of slump 
-as shown by the curve in Fig. 16. 


(3) Temperature of Concrete 

The design curves published by Maxton 15 and the Portland Cement ~ 
Association 16 both allow for the effect of temperature on form pressures. 
The values of the ratio : 


maximum pressure for a particular temperature 


maximum pressure for 70° F. geal derignee 
have been plotted against temperature in Fig. 17. The values obtained — 
by Roby have also been plotted. An average curve has been 
drawn to show the relation between the temperature correction, to be 
applied to the curve Pm = 400 Rt in Fig. 12, and the temperature of the 
concrete at the time of placing. It shows an appreciable rise in maximum 
pressure as the temperature decreases, which is probably caused by the 
lower rate of hardening of the cement. It should be pointed out that the 
methods used in the tests, from which the above data 1516 were obtained, 
have not been published—which leaves some doubt as to the reliability of 
_ thecurve in Fg. 17. 


(4) Time of Setting of the Cement 
As shown in Fg. 14, the time required to reach the maximum pressure 
ranges from between 2 and 3 hours for very slow rates of pour to less than 
20 minutes for the rapid rates of pour. Hence, there is no direct relation 
between the maximum lateral pressure and the time of “initial” and 
“final” setting of the cement. The Author prefers to think of this factor 
in terms of the rate of increase in shearing resistance of the cement mortar ~ 
with time, rather than the quantity “ time of initial setting.” Itis the — 
shearing strength of the mortar which has a direct relation to lateral 
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pressure, and which comes into action as soon as the concrete is pla C od. 
Since there are no experimental data for tests with cements having dif 
ferent rates of hardening, it is not possible to determine any such relation, — 


(5) Size and Shape of Form 7 

There are hardly any experimental data on the effect of the size and — 
shape of the form on the lateral pressure from which any conclusions can’ 
be drawn, other than that the data appear to exhibit a tendency for the 
‘maximum pressures to be smaller in the forms with smaller cross-sections. 
If, as has been previously stated, arching occurs and has an important 
effect on the lateral pressure, then it is to be expected that the smaller — 
the width of the formwork, the greater would be the arching action. 
Another important item is the general flexibility of the form. However, 
there are no data either on this problem, or on the effect of the presence and — 
amount of reinforcing, which latter might be expected to carry part of 
the concrete load and so have some beneficial effect on form pressure, 
although this might be cancelled by increased tamping necessary 
distribute the concrete between the reinforcements. 


(6) Decrease in Lateral Pressure after Maximum Pressure is Reached 

In much of the test data described in this Paper, pressure measurements ~ 
ceased shortly after the maximum pressure had been obtained. The — 
remaining data indicated that the measured pressure decreased very slowly 
or at a rate almost as great as the rate at which the pressure built up to a 
maximum. The charts published by the Portland Cement Association 
(see Figs 5) show that the pressure drops to zero 3 hours after the 
maximum pressure is reached, this time being independent of the rate 
of pour and temperature. 

For continuous shuttering, Reynolds” states that, ‘‘ The rate of vertical 
progress may be 10 feet per 24 hours. In favourable conditions an 
average of nearly 1 foot per hour has been achieved.” Hence, the value 
of 3 hours required for the pressure to decrease from its maximum ve 
to zero seems to be a reasonable figure for use in normal form design. 


SHAPE OF PrEssURE DIAGRAM FOR DesiGNn oF Forms 


From the foregoing data, given the rate of pour, mix proportions, slump 
of concrete, and temperature at the time of placing, the maximum 
pressure P,,, and the head of concrete at maximum pressure Hm, can be 
estimated, for hand-placed concrete. Although the actual pressure distri- 
bution against the form is likely to be similar to curve B in Figs 18, for the 
purpose of design it is simpler to assume a linear distribution between 
zero and Pm, that is, curve A. The error in this assumption is small, and 
partially cancelled out by the fact that, for the sake of economy, the 
normal practice is to use the same size sheathing throughout the depth 
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of pour, the sheathing being designed to withstand the maximum pressure 
_ Pm. As the head of concrete increases, the value of (H—H») increases, 
H,, and Py, remaining constant, thus causing changes in moments in the 
studs and wales, which should, therefore, be designed for the highest 
moments obtained during the pour. The same procedure applies to the 
tie rods, which usually are also made a constant size. 
The effects of the impact produced by the instantaneous dumping of 
__ buckets or the height of fall of the concrete are not taken into account. 
Generally, the local impact loading will be absorbed by the factor of safety 
of 4, or more, which is usually recommended for design stresses, and need 
_ not be considered for theoretical deflexion of the members. 


CoNCLUSIONS 


Owing to the large number of variables affecting the lateral pressure 
of concrete against forms, nearly all investigators have adopted a com- 
pletely empirical approach to the problem. In many cases, the investi- 
gators have merely attempted to find the lateral pressure for particular 
construction conditions, rather than investigate the general effect of the 
different variables. Much of the data are comparatively old, particularly 
with regard to the different types of pressure measuring devices, which 
throws considerable doubt on the reliability and accuracy of the results 
obtained, and it is not possible to correct, quantitatively, for their 
degree of reliability. 

The Author has attempted to give a rational explanation of the physical — 
phenomena causing the types of pressure distribution found in practice, 
and to explain why this is not hydrostatic, except in special circumstances. 
For particular concrete conditions, the Author believes that the following 

_ physical factors determine the general shape of the pressure distribution 
against the form : 


(a) the degree of the arching action of the aggregate ; 

(6) the rate of hardening of the cement mortar ; 

(c) the setting shrinkage of the cement ; 

(d) the relative rigidity of the formwork, and the changing moments, 
as the head of concrete is increased ; 

(e) the method of placing the concrete. 


The greater the degree of the factors (a) to (d) the more will the pressure 
distribution tend to deviate from the equivalent hydrostatic pressure of a 
fluid having the same density as the concrete. For hand-placed and 
internally vibrated concrete, these factors usually result in a lateral 
pressure distribution similar to curve III in 4g. 11 (e), with a maximum 
lateral pressure Pm occurring at a depth H», below the surface of the pour, 

and the value of P» being greater for the internally vibrated concrete. 
ren 


}/ 


744 RODIN ON PRESSURE OF CONCRETE ON FORMWORK 


For concrete vibrated externally, the pressure distribution is hydrostati 
as shown by curve I in Fig. 11 (e). 

The principle factors and concrete characteristics affecting the valu 
of Pm and Hm are :— 

(a) Rate of filling the forms.—As the rate of pour increases both P, 
and Hy» increase at a decreasing rate, indicating that at low rates of pour 
the hardening of the cement has a more important effect than the arching 
action, and conversely at high rates of pour. The time required to reac 
Py ranges from about 2 hours for rates of pour of 2 to 3 feet per hour 
less than 30 minutes for rates of pour of more than 20 feet per hour. 
From the available test data, the following general equations should prove _ 
satisfactory for designing forms for a 1: 2:4 mix, at a temperature of — 
about 70° F. : 

Pm = 110 Hm lb. per square foot, for hand-placed concrete 
= 150 Hy» lb. per square foot, for internally vibrated concrete 
m = 3°6 Rt ft, where R denotes rate of pour, feet per hour. 

(b) Proportions of the concrete miz.—The small amount of data indicates 

that the richer the mix the greater is the value of Pm, possibly because of _ 
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the increasing lubricating action of the cement and hence a decreasing 
arching action, and also an increasing strength. ‘ 

(c) Consistency of the concrete—The Author would expect that, for a 
particular mix, the higher the water/cement ratio, or slump, the smaller 
would be the deviation of the pressure from a hydrostatic distribution, 
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resulting from a reduction in the strength of the mortar and causing the 
concrete to be more “ fluid.” There are very little experimental data for 

_ this factor, but what do exist tend to confirm this conclusion. 

(d) Temperature of the concrete—The limited amount of data shows an 

_ appreciable rise in P, with a decrease in temperature, and this is probably 

_ because of the lower rate of hardening of the cement. 

__ (e) Size and shape of the form.—There are hardly any experimental data 

to determine the effect of this factor. Generally, the Author considers 
that the smaller the width of the form, the greater would be the arching 

action. Also the presence of reinforcing steel might tend to reduce the 
lateral pressure. 

_ For the design of forms, the Author suggests the use of the pressure 
diagram shown by curve A, in Figs 18, which indicates pressures a little 
lower than those normally recommended in textbooks. However, there 
is a lack of reliable experimental data on the effect of each of the above 
factors, and an extensive and well-planned study, particularly experi- 
mental, is essential to obtain a rational picture of the lateral pressure 
distribution of concrete against forms. Until this is achieved, the design 
of forms has, of necessity, to be rather conservative—representing, in 
many cases, an unnecessary increase in the cost of construction. 
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Proceedings Part I, March 1952 


Paper No. 5834 


‘“ A Laboratory Investigation of Some Bridge-Deck Systems "’ + 
by 
Frederick George Thomas, Ph.D., B.Sc., M.I.C.E., and 
Andrew Short, M.Sc. 


Correspondence 


Mr Samuel McConnel, of Nairobi, Kenya, observed that, outside the 
British Isles, filler-joist and jack-arch construction were of little interest, 
and in view of the considerable unnecessary weight and waste of materials, 
those types could almost be termed barbaric. It was nearly 40 years since 
he had had anything to do with them. 

Incidentally, bridges of the filler-joist type had been used with spans of 

up to 70 feet on the Continent, using rolled-steel joists 1 metre in depth. 
An example existed in Basle. 
In colonial practice, simple concrete slabs were used for spans of up to 
about 20 feet. Many hundreds of miles of bridges with spans of 20 to 40 
feet had been built with steel or reinforced-concrete beams. Where skilled 
labour was difficult to obtain, rofled-steel joists had been used at centres 
ranging from 5 to 7 feet, on which a concrete slab was supported. That 
type was particularly useful in view of its ease of erection, since the 
shuttering was carried by the R.S.Js. About 25 years ago it had been 
realized that if proper shear connectors were provided between the joint 
and the concrete, the design could be made to conform to the actual 
conditions and very considerable economy would ensue. Probably the 
best type of shear connector consisted of small lengths of channel section 
welded to the R.S.J. flanges at suitable intervals. 

_ Where skilled supervision was possible, reinforced-concrete beams 
should be substituted for the R.S.Js, which would lead to considerable 
saving in the weight of steel—now almost a precious metal—and in multi- 
span bridges advantage could be taken of continuity. 

Mr McConnel drew attention to the “ Standard Specifications for High- _ 

Bey Bridges,” which was of great value to all concerned with prises 


mn Proc. Ter Civ. Engrs, Part I, vol. I, p.125 (Mar. 1952). 
“Standard Specifications for Highway Bridges.’ A.A.S.H.O., Washington 


1944. 
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construction. Innumerable experiments had been carried out in the United — 
States on bridges of the normal type, and even if no shear connectors were — 
used between concrete slab and the R.S.Js, the friction and adhesion on 
the abutting surface had been found to transmit a considerable amount 
of shear. 
To his knowledge, at least three bridges of that type had been con- 
structed in East Africa. The R.S.Js were, according to standard methods — 
of design, stressed up to the elastic limit by the dead load alone. He also” 
knew of another case in which the same conditions applied to the steel 
beams in an important building. 
It was not to be assumed that such methods were justifiable, but un- 
doubtedly many structures depended for their strength on factors which 
their designers had ignored. 
There was often a tendency to design for a combination of the most 
improbable conditions, and to be averse to allowing anything to be 
covered by the factor of safety. ; 
As Sir Benjamin Baker had once stated at the Institution, “‘ Designers 
often make assumptions in design which are more convenient than 
accurate.” _ 
Considerable economy was possible in the design of abutments for spans 
of up to 40 feet by designing them as vertical beams strutted by the 
superstructure. 
The Authors, in reply, stated that the information on colonial bridge- 
building practice contributed by Mr McConnel was of great interest. With 
regard to slab-and-girder systems, the inclusion of properly designed shear 
connectors would greatly increase the load-bearing capacity of most 
bridges of that type, although it seemed doubtful whether design based on 
the elastic theory would invariably take full advantage of that increase. 
Opinions also diverged as to the choice of the most suitable shear connec 
tor. Further economy in the use of steel might be achieved by replacing’ 
steel girders by pre-stressed concrete joists in composite structures. 
There was no doubt, so far as modern British design practice was con- 
cerned, that forces caused solely by friction due to selfweight, between 
adjoining surfaces of the components of slab-and-girder systems, ought 
not to be taken into account when estimating the degree of composite 
action between them. The experiments conducted at the Building 
_ Research Station on large-scale models supported that view. There was 
in any case considerable room for rational economy by including in the 
design other factors mentioned in the Paper and—in a more advanced 
stage of development—by basing the design of composite structures on 
their ultimate load-bearing capacity rather than on the perhaps somewhat. 


arbitrary criterion of permissible stress coupled with the elastic theory, as 
at present. 
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Paper No. 5848 


—** A New Method of Gauging Stream Flow with Little Afflux by Means 
of a Submerged Weir of Triangular Profile ’’ + 


by 
Edwin Samuel Crump, C.1.E. 


Correspondence 


Mr Gerald Lacey observed that the Author’s novel method of gauging 
stream flow would appear to hold out most promise when the afflux was 
small and the range of discharge not too great. It would lend itself, for 
example, to the measurement of a moderate range of discharges on a 
canal where every loss of head had to be reduced to the minimum. The 
crest of the weir could be combined with the piers of a road or railway 
bridge. 

The Author disregarded the results for the two lower discharges of 
0-577 and 0-793 cusec respectively on the grounds of “ scale effect,” but 
it was possible that that persisted, to a smaller extent, even with the 
larger discharges. A study of Fig. 4 showed that the raising of the bed 
upstream by means of gravel had a very marked effect on the values of 
the coefficient Cp. The data given in Table 6 were for a limited range of 
the ratio P/T. Instead of drawing a smooth curve through the numerous 
results of Table 4, Mr Lacey had attempted a logarithmic correlation by 

treating Tables 3 and 4 as one collection of data. It should be noted that 
Table 3 was the most complete collection of observations. 

In Fig. 6, he had plotted values of (1 — P/T) against values of Cp for 
Tables 3 and 4. It would be seen that there were two distinct stages of 
flow and that two equations were necessary. For values of (1 — P/T) of 
0-10 and less the equation was : 


CPSGerr ep TY Tee TG 
and for values of (1 — P/T) exceeding 0-10: 
6 (1, 2A P/T)E ant. cago cen ed) 


The fit was quite good and the equations could easily be solved using 
a slide-rule. , 7 
The afflux was a minimum when (1 — P/T’) was minimum. For that 
condition the discharge in unit width g was equal to : 


6-85 (1 — P/T)#T? = 6-85 V(T — P) T 


+ Proc. Instn Civ. Engrs, Part I, vol. 1, p. 223 (Mar. 1952), 
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At the limit, (7) — P) was equal to the velocity head, and 7’ was equal to 
the depth of water. There was therefore a physical explanation for that 
part of the curve, (2g)? being replaced by 6-85. 5 
The limit for P/7’ would appear to be approximately 0-25, correspond-_ 
ing, in terms of equation (11), to a value of Cp of 3-583. 
Mr BR. F. Wileman stated that his observations on the Author's 
valuable contribution towards the solution of the varied problem of 
satisfactory gauging of rivers, now a statutory duty of River Boards in~ 
Great Britain, related to certain aspects of the practical application of the 
suggested method of double gauging. That duty was a new one, and the 
advantages resulting from its performance might not at first be so apparent 
to some as the small inconveniences arising from its combination with the 
primary duty of drainage-cum-conservation of water in British rivers. 
It was therefore important to try to reconcile the requirements of the t vo. 


Because the tendency, particularly on small rivers, was to avoid so far 
as possible any pier in the channel, it seemed to Mr Wileman that th J 
Pitot-pier might arouse objection. Even if it were of small and stream- 
lined transverse section—as in the case in question—obstruction might be 
caused by the lodgement of long pieces of debris between the pier and the 
channel side. : 

The small orifices in the Pitot-pier appeared liable to blockage at lo w 
stages of flow by floating or partly submerged vegetation. Might that 
not interfere with the Pitot gauging until it was seen and remedied ? 
regard to the piezometric holes in the crest duct, would the Author pl 
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say if the conditions of flow over the crest would be certain to prevent 
gradual blockage of the duct. It seemed to Mr Wileman, however, that 
even if solid matter did gradually accumulate in the duct, clearance might 
be easily effected by means of a pump at low stages. 
It would be of great interest to know the opinion of instrument makers 
‘concerning the production and possible cost of an instrument which 
could be relied upon accurately to record the small difference between 
Pitot and piezometric readings, wpon which the Author’s method depended 
under non-modular conditions of flow. Such an instrument should be 
comparable, with regard to mechanical reliability, with a good float- 
operated level-recorder, which, properly installed, was remarkably free 
from failure. - 
In conclusion, Mr Wileman referred to an aspect in which the Paper 
seemed to offer very useful assistance in gauging only under modular con- 
ditions of flow, particularly in smaller channels. The Author had calibrated 
a weir of definite triangular profile, the modular discharge over which 
was given by formula (9). A weir of such profile was of constant coefficient 
and not appreciably affected by deposition of silt against its upstream face. 
Constructed to the proportions of the model, with metal crest, arranged in 
conjunction with a float-operated discharge-recorder, it should afford 
ample gauging accuracy under modular flow. In view of the necessity 
for the minimum lengths of side walls, it appeared that such a weir was 
not suitable for ‘‘ compounding ”’ and therefore its use had to be confined 
to circumstances ensuring that its width would not be excessive in relation 
to minimum discharge to be measured. Mr Wileman suggested that a low 
weir of that type, with wing walls of height just sufficient for the purpose, 
‘could in many instances be used for measuring the lower stages of discharge 
occurring during the greater part of a year on small rivers, the higher 
‘stages being “covered” by current-meter rating of the channel at an 
adjacent site. The weir structure, completely submerged at the higher 
stages, should offer very little obstruction to flood flow provided that: its 
upper limit of gauging capacity was restricted to the lower limit of current- 
meter rating of the channel. Some extra channel protection would be 
required. One float-operated instrument, recording levels (only) in its 
upper range and discharge in the low range, would suffice. 
Mr J. W. Horner found it rather disconcerting to find the well-known 
standing-wave flume described as a “long-throated weir,” the Venturi 
flume as a “ non-modular long-throated weir,” and a recording instrument _ 
measuring the flow through a Venturi flume as a “ Burkitt’s headless. 
eri Author had confirmed that the standing-wave flume provided the 
most accurate method for measuring streams and rivers with a minimum 
loss of head, and that with care in design the flume should not be drowned 
at any rate of flow. It had frequently been found that a flume having a 
throat of trapezoidal section was the best for providing minimum loss of 
‘gets : 
. So eae 
eat ete Lot, 
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head at all flows, and quite a number of those were now in use. They were, 
however, rather expensive to construct, and as an alternative, where the 
flow could vary very widely, standing-wave flumes of a compound type 
were being used. 

In cases where a standing-wave flume became non-modular (that was: 
to say, a Venturi flume) it was usual to determine the flow by measuring 
the head in the throat as well as upstream of the flume. Mr Horner had 
never heard of anyone attempting to determine the flow by taking the 
second measurement downstream of the flume—which the Author seemed 
to suggest was the usual practice. — 

Mr Horner gathered from the Paper that the chief aim of the Autho -2 
had been to produce a design of weir which would have a coefficient of 
discharge substantially constant under modular flow conditions, and which” 
could be used satisfactorily for measurement purposes both in the modular 
and non-modular conditions. The design suggested would appear to 
fulfil those conditions within limits, but Mr Horner hardly thought that 
the Author could justify all his claims from the test figures produced. 

The rates of flow used in the tests had only a small range, namely 
from 0-5769 to 1-510 cusec—rather less than 3 to 1—and yet when referring — 
to the curve in Fig. 4 the Author had rather lightly asked that the figures 
obtained from the tests shown in Tables 1 and 2, when the flow represented — 
38 per cent and 524 per cent of the maximum flow, should be disregarded. 
Surely those figures could not be disregarded on the ground that “ the 
scale-effect to be expected with a small model is apparent.” The figures _ 
actually showed the effect of “ frictional ’’ losses which reduced the co- 
efficient of discharge on small flows. 

Mr Horner also wondered why the Author had only taken figures from 
Tables 4 and 5 to determine (Cq’),y as 3-456, and had then claimed that 
coefficient to be correct subject to a tolerance of 1 per cent. The values 
of (Cy’)y taken from all the Tables seemed to show a value of 3-307 at 
0:5769 cusec rising to 3-67 at 1-510 cusec—an increase of 10 per cent in a 
range of less than 3 to 1. 

On most British rivers the range of flow between maximum and mini 
mum was rarely less than 100 to 1, and usually nearer 1,000 to 1, and if all 
flows were to be measured the weir had to be of a size suitable for measuring 
the largest flows. On such a weir the “ frictional ” effect on small flows 
would be considerable and a coefficient of discharge which might appear 
to be constant on large flows would be very far from constant on smal 
flows. The same effect was evident on standing-wave flumes when the 
coefficient 3-09 on a rectangular flume fell considerably on flows which 
were only a small percentage of the maximum. It seemed to Mr Horner 
that the same effect was evident in the figures presented by the ae 
even though the range of flow was only 3 to 1. a 

With regard to the practical aspects of the weir, Mr Horner was of t he 
- Opinion that the cost of maintenance would be heavy on many rivers. 
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_ All designs of weirs and standing-wave flumes should be such that the 
effect of sand, boulders, leaves, and debris was reduced to the minimum, 
_ but even so it was no uncommon thing for large connecting pipes and float 
_ wells to be choked with sand and debris, and for boulders and stones to 
be piled up against a weir. He felt therefore that in the Author’s weir the 
small holes leading to the ducts, and the ducts themselves, would very 
rapidly become choked with silt or leaves and become ineffective. The 
Pitot orifice in the piers too would become choked, and debris would cling 
_ to the piers themselves. No doubt the Author had given that matter 
_ some consideration and would have his remedy. 
Mr E. Gresty observed that the Author had attempted to develop a 
“new measuring device by a study of known results and a careful selection 
of features from various devices not normally associated together. The 
Paper gave a clear account of the successive steps of the reasoning, though 
the reader had first to master a terminology which saddled well-known 
appliances with unfamiliar and unattractive names. 

An engineer considering a measuring installation would naturally wish 
to compare the old and new methods. Table 7 was an attempt to compare 
the new weir with the “ standing-wave flume ” for a particular case. 

The standing-wave flume gave a very high accuracy of measurement 

_ over a wide. range of flow, provided that a loss of head of 6 or 7 inches 
could be maintained. 

The new form of weir assumed a value of (Cy’)y which remained 
constant at all rates of flow, and although the Author had stated that the 
value was 3-456 within 1 per cent, his justification was not very convincing. 
In addition, for the non-modular range the rate of flow could only be 
deduced from the difference of two gauge readings. 

If, at the maximum rate of flow, the difference between upstream and 

_ downstream water level was less than about 6 inches, the standing-wave 
_ flume became drowned, and the Crump weir offered the advantage of 
‘measurement under otherwise almost impossible conditions. The width 
of weir had, however, to be increased to pass the required flow; for 
example, a width of 33 feet would be required for a 3-foot loss of head ; 
that would probably lead to non-modular conditions at comparatively 
low flows. It also involved expensive constructional work and a large 
- number of the special crest sections. 

Measurement Officers would feel indebted to the Author for a new 
approach to the principle of weir flow, and for justifying the popularity 
of the standing-wave flume, rather than for the introduction of a new 

method of measurement for widespread application. 

Mr A. B. Tiffen agreed that the triangular weir could be a very 

‘useful instrument for gauging the flow of streams, and considered the fact 

that an accumulation of gravel on the upstream side did not affect the 
- measurement of the discharge to be a valuable property, but he thought 
_ that there were points that required consideration. ose 


» 
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The Author had not explained why he considered Pitot-piers more 
practical than tubes. In many streams it was probable that pieces of 
cloth, clumps of grass, or other trash would be carried along near the 

bottom and would wrap round the nose of the piers and interfere with 
the operation of the Pitot-tubes in the piers; and at low flows floating 
or partly submerged trash would do likewise. To overcome that, tubes 
could be used without piers but with sloping fins in front which would 
_ tend to cause submerged trash to rise and run past the mouths of the 
tubes. Such an arrangement was illustrated in Figs 7. The edges of 
- the fins would, of course, be rounded. 


Figs 7 


=<q Pitot tube 


: 


_ SECTIONAL ELEVATION PROJECTION 


There was no indication of the minimum head at which the weir would 
function, and since in many cases it was necessary to measure both mini- 


mum and maximum discharges, the value of the weir would be limited | 


unless it could be used to measure the former. It appeared that the 
minimum head might be about 3 inches. 

Mr Tiffen considered the problem of an earth channel of 15 feet bottom 
width which had a maximum flow of about 600 cusecs when running 5 feet 
deep and a minimum flow of about 4 cusec. A weir 15 feet long with a 
level crest and with 3 inches head would discharge about 63 cusecs when 

modular, and with less head the discharge would be very uncertain, so to 
solve that difficulty the following method could be used for a practical 
solution of the problem. 

The desirable height of a weir for a depth of water of 5 feet would be 
15 inches. 

If a 12-inch length at one end of the weir were made 9 inches high, as 

‘in Figs 8, then with a depth of 33 inches over the crest of that reduced 
weir the flow would be about 4 cusec, and low flow could be measured 
between depths of 3} inches and 6 inches, corresponding to discharges of 


4 and 1} cusec. 


d 


At maximum flow with a 5-foot depth of water, the weir would function — 


; maneb as a 15-inch-high weir right across the full 15-foot width, and the 
"error arising from the dip at one end would probably not exceed 1 per 
re? a : 


N 
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cent. The discharge would thus be within 1 per cent of that indicated by 
applying readings obtained from the weir 15 inches high by 13 feet 10 inches — 
long to a weir 15 feet long, whether in the modular or in the non-modular 
range. 

Rabie recording apparatus would be required for the separate 
lengths, but that would not increase the cost of the installation unduly, — 
since at low discharge the flow over the weir would be modular and only 
the “‘ 7” reading would need to be recorded. ; | 

» At intermediate flows, particularly with a small head over the crest of 

- the longer length, the discharge would be somewhat indeterminate, ‘but 
with those flows great accuracy in measurement would not be necessary 
and a reasonable estimate could easily be made and a discharge curve 
plotted. 

Mr Tiffen did not quite understand the Author’s remark about the 
scale effect at the two lower discharges in the experiments, and would like 
that matter further elucidated. Since the velocity over the crest would 
have been considerably higher than 1 foot per second at modular flow in 
both cases, Mr Tiffen would have expected no modification of the flow 
pattern. 

Dr M. M. Kansoh, of Cairo, observed that the Author had laid stress" 
upon the “ complexities and liability to error” of double-gauging. In 
that case it was necessary to try to improve single-gauge flow meters by:— 


(1) Improving the accuracy by basing the functioning of the device 
on a sound mathematical foundation. . 
(2) Widening the modular range. 
(3) Reducing the head loss in the device, that was to say, the afflux 
and dissipation in standing waves. 
(4) Reducing the cost by using short inexpensive devices. 


On p. 227 of the Paper, Q was considered to be a function of the radius 
of curvature of the underside of the nappe. In fact, Q was a function of 
the actual pressure at the section under consideration. The pressure was 
affected by the upward acceleration due to curvature. The acceleration 

~~ (or more precisely, the effective acceleration) was dependent not only 


-__ upon the radius of the underside of the nappe, but also upon some other 
mean effective radius. 


WITH LITTLE AFFLUX BY MEANS OF A SUBMERGED WEIR 757 


It was stated on p. 229 that, since H’ and h’ involved Q, the latter could 
only be calculated by means of a tedious trial-and-error procedure. That 
could easily be avoided and the discharge calculated directly by applying 
the formula : 


Q=0.a Vig =H + VE C.a,/ 2H — 2) x 


Dr Kansoh did not see any need, from the point of view of measuring 
the discharge—especially in the modular range—for the downstream 
gauge, at which the depth sometimes attained different values for the same 
discharge and same upstream depth. 

A downstream gauge was needed only if it was required to know the 
submergence or recovery or the total loss in the meter. It was better, 
therefore, to follow the advice of the Author (p. 232) by constructing a 
gauge well, especially in the long-throated measuring weirs, at the ‘“ control 
section ” at mid-point of the throat, to take the place of the usual down- 
stream gauging station, and thus render the latter unnecessary. 

The decision that “in a long-throated measuring weir, the position of 
the control section is approximately half-way down the throat” was a 
trifle optimistic. The control section was supposed to be the section 
where the depth, in the modular range, was critical—that was to say, 
equal to 2H’ or 7. Within and beyond the modular range, the value of 
the depth at the control section was always added to the value of the 
velocity head at the same section and equated to the total head H’ or T. 
‘That was equivalent to saying that the depth was equal to the potential 
head, or to the pressure head plus the position head with the crest level 
as datum. That was never precisely true except when the flow at the 
control section was uniform or parallel, with no curvature, convergence, 

or divergence. ‘ 

In the hope of finding one definite fixed section fulfilling those two 
conditions at different rates of flow, Dr Kansoh had experimented on a 
number of Venturi flumes with throats of different length-to-width ratios 
and different cross-sectional forms, at different rates of flow, both in the 
modular and drowned ranges. 
As could be observed from the results recorded in Figs 9 to 14, no 
such definite control section could be fixed. 

That agreed with Woodburn’s! and Webb’s? experiments on weirs 
of different profiles, as was shown by Figs 15 and 16. The small circles 

‘denoted what they had believed to be the critical depths. 
‘Those who were especially interested in that point could refer to the 
work of Bakhmeteff,? Rouse,* Hinds, and Stevens.® 
- Dr Kansoh also wished to know on what basis, if any, had the Author 


1 The references are given on p. 767. 
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chosen the position of the downstream gauge, or control section. Further- 
more, in view of Woodburn’s and Webb’s experiments, why had the 
Author selected the particular upstream and downstream slopes of his 
triangular weir? Was it certain that there would always be a low-pressure 
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Woopsvurn’s EXPERIMENTS ON BROAD-CRESTED WEIRS 


ae of eddying water with its highest point at the same position or 
control section, even at low rates of flow ? 

In carrying out the experiments, four manometers having their zero 
at crest level had been used in recording the values of h, P, T, and H. 


Critica, Deprx Loor (WxsB’s EXPERIMENTS) 


The technique employed by some investigators for determining the 
zero of the manometers had been to empty the channel until the wa 
surface Was apparently at crest level of the weir, ignoring surface tens 
of the water. Dr Kansoh hoped that the Author had taken that i 
consideration and had used some instrument similar to that used 
determining the zero of a notch, . 
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) The Author had provided in each of two piers a single Pitot orifice 
which “should be at crest level.” For what reason was a single orifice 
to be made at crest level in both piers? Was such an orifice going to give 
4 representation of the average or mean value of H’ under all conditions ? 
In Dr Kansoh’s opinion, such an orifice should be placed opposite 
the locality of the average or mean velocity of the stream—for example, 
at a certain depth below the water surface down to the centre line of the 
channel ; or alternatively, a series of orifices should be used. 

Therefore, it was not to be expected that the corresponding values of 
fT and H’ in the Author’s experiments would agree with one another. 
Excluding the value H’ = 2-667 of the sixth run in Table 1 (which was 
due to a printer’s error), it was to be observed that the values of H’ were 
greater than the corresponding values of T in the first four Tables (pp. 235 
to 237), except in the third and fourth runs of Table 1, the runs Nos 25, 
26, and 27 of Table 3, and the first run of Table 4, while the values of H’ 
were less than the corresponding values of T in Table 5, with the exception 
of runs Nos 7 and 8, and in Table 6, except in the sixth run. 

It was true that the difference between H’ and T was small, but it was 

equally true that in not one of the 81 experiments did H’ have the same 
value as JT. It seemed that, after all, the proposed weir was but another 
of the double-gauge methods with most of the ‘“‘ complexities and liability 
to error.” 
- The Author, in reply, observed that Messrs Lacey, Horner, and Tiffen 
had criticized his disregard of the results obtained with the two lower 
discharges of Tables 1 and 2. Comparing results obtained in the modular 
range with the proposed standard values of 3-580 for Cp and 3-456 for 
Cy Tables 1, 2, and 3 gave the results shown in Table 8. 


TABLE 8 
~ Table Q Te C Difference:| 77’ Cy | Difierence:| No. of 
inches per cent per cent jobservation. 
1 |0577| 2-644 |3-347| -65 | 2-665| 3-307] ~—4-3 (1) 
2 0-793 | 3-238 | 3-433 —4-1 | 3-276] 3-335] . —3-5 (1) 
3 1172| 4-077 | 3-551 —0-8 | 4-111 | 3-507 +14 (6) 


The Author had assumed that practical engineers would seldom be inter- 
ested in values of 7' or H’ less than 4 inches, and had considered that the 
results obtained for the three higher discharges justified the simplification 
of adopting for general use the constant value for Cp proposed by him. 
In cases where discharges fell to give 7’ a value less than 4 inches and 
where it was important that those low discharges should be accurately 


measured, the necessity for adopting smaller-than-standard values for Cp 


or Cy, was manifest. 
ee 


rok 
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Under modular conditions in the Author’s tests, 7 had not exceeded — 
a value of 0-4 foot, and a more important question arose as to what extent | 
the Author’s standard coefficients would hold good in cases where T' mighi 
be as much as 10 feet, or even more. In that connexion the Author — 
would invite attention to results obtained in 1899 at the Cornell University 
hydraulic laboratory on a very large model, the profile of which differed 
only very slightly from that used by the Author. The faces of the Cornell — 
model (Series 9) had the same slopes as the Author’s model, but the crest 
instead of being sharp had a relatively narrow flat 0-33 foot wide; the 
height F above bed was 4:94 feet and the highest value of H’ was more 
than 5 feet. Values of the coefficient as reeomputed by Robert E. Horton? 
were directly comparable with the Author’s Cy. Horton’s values (after 
correcting an arithmetical error in No. 3) were as shown in Table 9, an 
indicated that the error arising from using the proposed standard values 
of Cp and Cy, for large weirs would not be excessive. 


TABLE 9 


Percentage 
in excess of 3-456 


No. HT’: feet 


In Fig. 6 Mr Lacey had presented an interesting analysis of the nature 
of the standard curve of Fig. 4. For P/T = 0-90, equations (10) and (11) 
gave Cp the same value. Compared with the tabular values of Fig. 4, 
salient discrepancies were given in Table 10. 

In high floods with P/T approaching unity, the effective jet after cres 
contraction would flow in a surface-stream without curvature. In those 
circumstances the velocity"at the vena contracta would be /29(T — P) 
and equation (10), which gave the discharge intensity as : . 


q = Cp. Tt = 6-85 V(T — P)T = (08547) V2g(T — P) 
indicated a contraction of the jet to a depth of 85-4 per cent of 7. 


_ In reply to Mr Wileman, the Author had had no experience of British 
rivers, but on Punjab canals, where measuring weirs were usually attended 
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TaBLe 10 
a 
P/T Cr Difference : Equation 

Tabular Calculated pe ae 
0-26 3-580 3-571 —0-2) 
0:37 3-458 3-430 —0-8 
0:47 3-300 3-285 —0-4 r (11) 
0°75 2-776 2:'722 —1-9 ; 
0-90 2-124 2-165 +1-9 ) 
0-90 2-124 2-166 +2-0) 
0-91 2-052 2-055 +0-1 (10) 
0-92 1-960 1-937 if 
0:97 1-156 1-186 +26 | 


general adoption of Pitot-piers appeared inadvisable. Regarding. the 
piezometer holes, the Author considered that, while there would be little 
tisk of them failing to operate by collecting leaves or submerged vegetation, 


- gradual choking of the duct by small solid particles was inevitable, so that 


occasional flushing of the duct by pouring water into the float-chamber 
would be necessary. For this to be effective, provision would have to be 
made for a removable watertight plug of adequate diameter screwed into 
the metal of the duct and flush with its surface. 

Whilst it was possible to devise a mechanism which, actuated by the 
two floats, would directly record the discharge, that would be costly and 
liable to unavoidable error owing to friction and backlash. For that reason 
the Author had contemplated the use of two separate instruments of the 

usual simpler type for recording P and T' respectively, leaving it to the 

_ engineer ‘to calculate the discharge by means of the Tables in Fig. 4. 

As Mr Wileman had suggested, by raising the level of its crest a weir 
having the standard profile of the Author’s model could be rendered 
modular up to any stage of discharge that the designer chose. A single 
recorder would then give the discharge over the modular range of opera- 
tion, leaving the engineer to assess by current meter the discharge value 
of readings recorded in the non-modular range of operation. For accurate 

* measurement of low discharges, Mr Wileman had also suggested a depressed 
weir of suitable width flanked by submersible side-walls. Those side-walls 
would have to be carried, with some rounding, into the concrete-covered 
‘side-slopes of the main channel; they would thus form the crests of the 
two side-weirs which might be dsienied to spill on to a concrete floor at 


channel-bed level. 
- In reply to Mr Horner, the Author had used the term “ long-throated ” 


to emphasize the need for a long prismatic throat required to obtain a high . 


‘modular limit, and to include throats of any cross-section. 


Agr 


Provided che throat were long the second reading would, as Mr Horner 


. 
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had stated, always be taken in the throat. If, howivor there were no — 
throat—for example, in the case of a sharp- ~edged weir—the only alter-_ 
native would be to take the second reading in the tail-water, which the 
Author had suggested as being the usual practice. 
Mr Horner’s next point had already been dealt with. 
In presenting Fig. 3 and selecting Tables 4 and 5 for the purpose, the — 
Author’s object had been to ascertain the modular range of his model and — 
the effect on the coefficient Cy of a raised bed. His intention had been, 
not to claim constancy of the modular coefficient for different discharges, — 
but to verify its constancy—within 1 per cent up to 80 per cent submer-_ 
gence—as indicated by the last seven results of Table 4. : 
For very small flows, with 7 less than about 4 inches, the Author 
realized the necessity of adopting a modular coefficient smaller than the_ 
standard value. 
He had recognized the need for occasional flushing to remove silt from 
the piezometer ducts. The same precaution applied to the Pitot-duct, and 
for that he suggested placing a removable flushing-plug in the nose of the 
pier a few inches above the Pitot-hole. 
» In compiling Table 7 Mr Cresty had credited standing-wave flumes — 
with a modular limit of 94 per cent, and a Crump weir with only 70’per — 
cent. The Author claimed that his Fig. 3 fully justified raising the latte 
limit to 80 per cent—thereby reducing the minimum working-head from 
27 to 18 inches. For a standing-wave flume he considered that a limit of 
94 per cent would call for an extremely elaborate and costly design and 
could only be adopted with safety if the outfall channel were stable and — 
its stage-discharge relationship known with precision. For a normally 
good design, a limit of 90 per cent would be a more reasonable figure, 
even that figure would require slow divergence in bed and sides to ensure 
recovery of pressure-head. A modular limit of 90 per cent gave a working 
head of 12 inches for the 10-foot flume, and of 9} inches for the 14-foot 
flume. The Author would never dream of putting a 33-foot weir into a 
20-foot channel and would be quite content with the 164-foot alternative 
of Table 7. At maximum discharge that would operate with a working- 
head considerably smaller than could be safely allowed for either of the 
two flumes and, being very much shorter in axial length, would certainly 
_ require much less concrete work. 
Replying to Dr Kansoh the Author observed that single-gauging 
required the meter to be modular and that, in that case, suggestions (2) 
(widening the modular range) and (3) (reducing the limiting modular » 
afflux) had the same meaning. The Author was of the opinion that the 
standing- wave flume or weir was a device upon which it would be difficult 
to improve in regard to features (1), (2), and (3). For that device to have a 
high modular range, of 90 per cent or more, the Author considered that a 
long throat was essential and that suggestion (4) (reduction of cost by 
shortening the throat) could only be attained at the price of a reduced 
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ta 


modular range. In other words: improvements (4) and (2)-(3) suggested 
by Dr Kansoh were mutually incompatible. 

On p. 227 of the Paper, equation (1) expressed the fact that Q depended 
upon both pressure and curvature. For the hypothetical variation dQ of 
equation (2), if 7 was constant p was variable, and vice versa. The Author 
was at a loss to understand what Dr Kansoh meant by “ some other mean 
effective radius.” 

The Author was also unable to grasp the significance of the expression 
_ for Q given by Dr Kansoh. 

In Figs 9 to 14 the position judged to be the control-section had not 
been indicated. In Figs 15, only the weir of Series DA had a long crest, 
and in that weir the sharp upstream corner would cause “ separation,” 
giving a coefficient less than the 3-09 of a gently curved approach. All 
the weirs of Figs 16 were angular and would behave like the Author’s 
_ model, where the true control section was not at the crest, but downstream 
_ of it, so that conditions of flow were complicated by curvature and con- 
- traction of the effective jet. 

The Author had assumed that the pressure of the eddy, as measured by 
_ his P-gauge, would be much the same at different points in the eddy, and 
_ that assumption appeared to be confirmed by the fact that modular values 
_ of P/F were sensibly the same for different values of 7. He had chosen 
_ the two slopes with the dual object of obtaining a low value of the modular 
ratio P/T and of attaining a moderately wide modular range. 
Dr Kansoh could rest assured that due care was taken to ensure correct 
_“ zero readings ” on the four manometers. 
The Author had deemed it advisable to use a single Pitot orifice in a 
standard position that could be reproduced in prototypes. To cover low 
q _ discharges the orifice had to be no higher than the crest. In that position 
the value of T recorded was admittedly less than the average kinetic head 
4 of all filaments and therefore less than H’, except in the case of Table 5 
_ where the raised bed had a larger effect on 7 than on H’. 
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CORRESPONDENCE 
On Papers published in 
Proceedings Part I, May 1952 


Paper No. 5844 


‘* A 75-inch-diameter Water Main in Tunnel: a New Method of 
Tunnelling in London Clay ’’ + 
by 
Peter Adamson Scott, B.Sc., M.I.C.E. 


Correspondence 


Mr E. W. Cuthbert referred to the Author’s statement on p. 314 that 
consideration had been given to the application of a lining by mechanical 
means to the steel main after laying. Such a lining had been applied to 
90 feet of }-inch-thick steel main of 774 inches internal diameter shortly 
after the works described in the Paper had been completed. Mortar had 
been employed consisting of equal parts of normal Portland cement and_ 


Direction 


of travel 
pth in 


Draaeram or “ Centre ’’ Macurne ror Linine Press From 36 incuEs To 
48 INCHES DIAMETER 


(This Figure is based on a diagram appearing in “ Reconditioning of Trunk Mai 
in the City of Montreal,’’ by Frank Y. Bostnats vt 


dry sand passing No. 16 sieve, mixed with just sufficient water to give : ‘ ” 
correct consistency for it to adhere to the pipes. 5 
The lining machine, shown diagrammatically in Fig. 14, had par ted. 


+ Proc. Instn Civ. Engrs, Part I, vol. 1, p. 302 (May 1952). 2 
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of an electrically propelled truck which ran on three rubber-tired wheels in 
the invert of the unlined pipe. A hopper on the truck had held about 
3} cubic feet (4 minutes’ supply) of mortar. A slotted dispenser head at 
axis level of the pipe and rotating at 1,500 revolutions per minute had been 
fed from the hopper by a worm screw, and the mortar had been sprayed by 
centrifugal force evenly around the circumference of the pipe. The 
thickness of the coating had been controlled by adjusting the speed of the 
truck through the pipe. It had been found that a }-inch-thick lining 
could be placed at the rate of 1 foot run of pipe per minute. At the rear 
of the dispenser head spring-loaded steel trowels on the ends of slowly 
rotating arms had rendered the surface of the lining smooth. An operator 
riding on the machine had supervised the filling of the hopper and steered 
the leading wheel to overcome any tendency of the machine to ride up the 
wall of the pipe. 

Mortar had been mixed at the ground surface in a special mixer having 

a fixed drum and paddles rotating on a horizontal shaft. After mixing, 
the mortar had been lowered by crane in a special skip to the foot of the 
shaft, where it had been tipped into a hopper arranged to discharge into 

_ small rubber-tired “ buggies.”” The “buggies” had been propelled by 
hand to and from the machine. Thirteen men had been required for the 
whole operation. 

, The lining had been cured in a humid atmosphere by allowing water to 
stand in the invert of the pipe. Inspection of the surface of the lining had 

_ revealed a few irregularities, consisting mainly of fine ripple marks and 
score marks—apparently caused by vibration and irregularities of the 

_ trowels. There had been some uneven places apparently caused by the 
mortar locally being a little too stiff. In no place had the lining been 

_ found to be loose, unsound, or less than 7g inch thick. At junctions 

_ between new and old lining the joints had had to be finished by hand. 

The machine had been operated by the Centriline Corporation of the 

_ United States, John Mowlem & Co. Ltd being their agents in Great Britain 

for the work described. 

Mr A. C. Buck observed that he was particularly interested in the 
Author’s account of the tunnel, quite apart from the most ingenious and 
successful form of pre-cast concrete outer lining described, because of his 

association a few years ago with a scheme similar in some respects to the - 

present one. During the construction of a tunnel of 19 feet internal 
diameter, forming part of a hydro-electric scheme at Lake Tekapo, New 

- Zealand, it had been considered necessary to render absolutely watertight 

- the last 600 feet of its length. The tunnel had been driven by means of 

_ two shields in glacial moraine, and was lined with pre-cast concrete blocks 

in much the same way as had been employed in a recent London tube 

_ extension. 

LY The most positive means of ensuring watertightness was to use a steel 

lining, but tonnage had to be kept to the minimum. It had. been decided 


j a j 
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to use 34;-inch plate for the inner 300 feet and } inch for the remainder. 
Bookust 6 the large diameter some doubts had been felt as to the 
practicability of such thin plate owing to excessive flexibility, but doubling — 
the thickness would not have helped. much, and in any case it had been — 
considered that the answer to the problem lay in the method of suppo y 
given to the lining during handling. A design for a stiffening ring pro- 
viding continuous support around the circumference had been included 
in the tender as a proposal, and had been adopted by the contractor. 
The ring had been composed quite simply of three light wooden trusse 
connected at their ends by expanding-screw joints. 
The contractor had tackled his problems in a workmanlike spirit and_ 
had showed that, sensibly handled, the thin plate presented no special Le 
difficulties and in fact had some advantages. A contributing factor to 
that result had been the use of the trusses which had behaved very well. _ 
All joints in the plate had been butt-welded. A full description of that 
work as seen from the contractor’s viewpoint had been published.1 
The space between the steel lining and precast blocks had been filled — 
with pumped concrete and it had been found that flats sometimes formed 
in the 34-inch plate at pumping points. It had been impossible to push — 
those out as they formed and it had not been considered worth while to 
cut them out since, owing to their shape, no measurable increase in resist- _ 
ance to the flow of water would be offered nor were they, in fact, very 
obvious to the eye. With the }-inch plate that trouble had disappeared. — 
There was one aspect of concrete-backed steel linings which might be _ 
important. It appeared to be common for the bond to fail between steel 
and concrete in localized patches. Those patches may be detected by 
lightly tapping with ‘a hammer, the difference in sound being quite marked. 
Any gap thus formed was certainly extremely small, since an attempt to 
pump grout into a “drummy ” area had failed. But there did seem to be 
the possibility that water would penetrate to those areas and set up 
corrosion. Thickening the plate did not appear to reduce the incidence 
of that failing. 
It would be interesting to know why an internal lining of concrete had 
been preferred to bitumen, which was now widely used in steel water- 
mains. A }-inch thickness of bitumen would offer a saving of lt inch on 
the diameter of the main. : 
It seemed likely that the 4-inch average clearance at the spigot-and- 
‘socket joints could, with experience, be reduced. The contractor at 
Tekapo had had to make do with less at certain points, but the decision on — 
the clearance to be used ultimately had to be a compromise between 7 
in installation and economy of material. : 
Had any attempt been made to estimate the clay pressures —e to 


* J. Forrester, ‘ Steel Tunnel Lining and Penstock, Lake Tekapo.” New Zealand 
Engng, vol. 6, No. 1, p. 12 (Jan. 1951). 
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_ be exerted upon the concrete lining and, if so, had the thickness of the 

lining been calculated ? The method used at Tekapo had been the one 

used to estimate the thickness of linings generally but as a check upon its 

_ stability a number of pressure gauges had been built in as the work pro- 
gressed, with the purpose of determining the distribution of pressure 
around the circumference, and the variation of pressure with time. The 
tunnel had about 250 feet of cover above the gauges, whilst maximum 
pressure recorded had been equivalent to about 20 feet head of soil. After 

a few weeks, pressures had appeared to become stabilized. That was in 
a uniform soil of considerable depth composed of all fractions from clay 
to coarse gravel and boulders. On the other hand, measurement of strains 
‘in a London tube tunnel, lined with cast-iron segments, had suggested 
that within a week or two of installation the pressures acting had come 
from the full cover of clay. 

The steel lining had no doubt been adopted only after consideration of 
other forms of lining. Would the Author be good enough to indicate his 
objections to the use of reinforced or pre-stressed spun-concrete pipes ? 

The Author, in reply, observed that it had perhaps not been made 

_ clear that the experiment in concrete lining in situ, described in Mr Cuth- 
bert’s contribution, had in fact been carried out on a section of the main 
_ described in the original Paper. The success of the experiment opened the 
way to a great reduction in the weight of pipe to be handled as well’as a 
reduction in the amount of steel required, and the method was likely to 
be given further consideration. 

Mr Buck’s description of the successful lining with }-inch plate of a 
19-foot tunnel in New Zealand was extremely interesting and proved that 
the fears entertained with regard to lining of a similar thickness for the 
75-inch tunnel were unfounded, although the problem of providing adequate 
_ stiffeners during erection in such a small tunnel was complicated by the 
lack of working space. It was assumed that in the case of the 19-foot 
tunnel, the pre-cast concrete lining had been designed to withstand any 
outside pressure. j 

The concrete lining to the 75-inch-diameter water main had been adop- 
ted to provide added stiffening for the prevention of buckling as well as for 
durability. Although a spun hydrocarbon or bitumastic lining was com- 
monly used in such mains, the concrete-lined pipe had been found to have 
a very long life, a point which in that case was a matter of considerable 
Importance. ion 

In any future extension, it was probable that the clearance at the joints 
between pipe and Donseg lining would be reduced, which would result in 
a saving in the amount of pumped concrete required. The steel pipes had _ 

to be designed on the basis of their having to be drawn through as much as 
1 mile of tunnel, and the amount of clearance required had to be found by ~ 


experiment. . yo ine 
In designing the 75-inch main it had been assumed that, as Mr Buck 


ee". ; \ 


i/ 


_ 690 feet, corresponding to half the test pressure of 600 lb. per square inch. 


depth would appear to be rather less than that. Would the Author 


; expensive. 


_ obviously had a critical bearing on the surge pressures developed. The 
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had said, the external pressure on the tunnel would arise from the ful 
cover of clay. | 

Much consideration had been given to both reinforced and pre-stressed 
concrete pipes, both pre-cast and cast in situ, but handling problems of — 
pre-cast pipes and, in particular, a satisfactory solution to the problem 
of effecting a reliable joint between sections had led to the rejection | of | 
those types; in the case of pipes or reinforced lining formed in situ, the _ 
problems arising from the restricted working space and the probable rate _ 
of progress had been found to be insoluble. 


Paper No. 5847 


‘* The Use of Compression Waves in Deep-Well and Borehole 
Pumping ”’ + 
by 
Eric Crewdson, M.C., B.Sc., A.M.I.C.E. 


Correspondence 


Mr W. P. Steele observed that the Author had revealed an interesting _ 
development in the technique of pumping from deep boreholes, which _ 
should simplify to no small extent mechanical problems at present — 
attendant upon the use of the ordinary cylinder with the plunger operated 
by long wooden rods. Trouble sometimes arose with that pattern in 
countries where earth-tremors were encountered, the rising main and rods _ 
getting out of line and jamming. Since there were no moving parts in the _ 
rising main with the type of pump described by the Author, accidents of 
that kind were not likely to occur. 

By all accounts, however, there was a certain limitation to the depth of 
pumping, using standard-size steel piping for the rising main, since when 
using a galvanized wrought-iron rising main to B.S.S. 788 it appeared that _ 
the maximum depth of pumping permissible would be approximately 


To allow for peak pressures developed during surging, however, the actual _ 


confirm that point ? It was admitted that pumping from depths greater 
than about 500 feet, even with the use of rod-actuated cylinders, became 


It was perhaps unfortunate that the Author gave so little detail of the 
mechanically-operated delivery valve (valve A in Fig. 1), since that 


¢ Proc. Instn Civ. Engrs, Part I, vol. 1, p. 318 (May 1952). 


DEEP-WELL AND BOREHOLE PUMPING tie 


/ 


Author had remarked that the use of a poppet valve for that purpose 
had proved ineffective, although the reason why that should be so was not 
made entirely clear. The sudden closing of a poppet-type valve by ° 

“Ineans of a steep-faced cam would seem to be an effective means of develop- 
ing the required rapid rise in pressure for a steep-fronted wave of pressure. 
That delivery valve would act in the same manner as the “ flash-valve ” of 
a hydraulic ram, and it was made quite clear in a recent paper! by Krol 
that the drag coefficient of, and the loss of head by turbulence in, the 
flash-valve were two of the three critical factors governing the theory of 
operation of hydraulic rams. The third factor, the loss of head during 
retardation of the water-column in the drive pipe would have a much 
smaller value in the Author’s type of pump than in the hydraulic ram, in 
which a moving column of water had to be brought finally to rest to develop 
the required pressure-rise. 

The theory of operation of the hydraulic ram was given in a very satis- 
factory manner in Dr Krol’s paper, but there remained the empirical 
determination of the three critical factors quoted above for any given ram 
installation before the installation could be designed adequately. A 
workable theory of operation of the hydraulic ram had been developed 
earlier for a particular design of ram by M. P. O’Brien and J. E. Gosline.2 

Would the Author give a clearer description of the actuation of the 
finally adopted design of delivery valve in his pump ? 

_ There was clearly room for much study in developing the analogy 
between the operation of the compression-wave pump and the hydraulic 
ram along the lines laid down in Dr Krol’s experiments, and it was to be 
hoped that a more concise theory of the operation of the compression-wave 
pump would be developed from that. 

Dr M. M. Kansoh, of Cairo, observed that the Author had claimed 

that there was “no wholly satisfactory theory of the working of the 
compression-wave pump.” The following, Dr Kansoh believed, was a 
satisfactory explanation of the working of the pump. 

Each complete cycle of operation of the pump comprised three phases. 
At the beginning, the piston would be in its highest position and the 

pressures in the system would be as shown in Fig. 6 (a). The first phase 
began when the piston started to move downwards and continued, as the 

Author had stated, until the water in the cylinder and in the drive pipe 
down to the foot valve was fully compressed, a pressure p being superposed 
on the initial pressures (Fig. 6 (6)). 

It was obvious that the water would be subjected to a gradually 
increasing compression so long as the piston was moving downwards. 
That meant that that phase occupied the time necessary for the crank to 


1 J. Krol, “ The Automatic Hydraulic Ram.” Proc. Instn Mech. Engrs, vol. 165 ~ 


1951). (W.E.P. No. 64, p. 53.) ' ; =. 
i 2 i b O’Brien and J. E. Gosline, “ The Hydraulic Ram,”’ Univ. of Calif. Engng | 


Pubn, 1933. 
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— and not 0-0343 seconds. 


, (Fig. 6 (c)). Qs 


_ the foot valve was opened automatically, the water rushed in from outside, 
and the column of water moved bodily upwards, impelled by the difference 
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describe one-half of a revolution (not one-quarter of a revolution as stated 
on p. 320), irrespective of the length of the drive pipe or the velocity a of 
propagation of sound or a pressure wave in water. 


: 60 : 
Therefore, time taken for the first phase = $ x VN seconds and, in the 


or about 0-0857 seconds, 


60 
solved example, the first phase occupied $ x 350° 


The second phase started when the delivery valve was opened (which 
was supposed to happen suddenly). A wave of low pressure, p, travelled 


downwards at a velocity a and reached the foot valve after : seconds. 


4 


At the end of the second phase, and the commencement of the third, 


between the pressure (wh) outside the foot valve and the new ee : 
(w (H + L) + p — p’) just inside it (Fig. 6 (d)). That difference was: 
wh — [w(H + L) + p — p'] = w(H + L) + head loss. 

Therefore : ; 


be =H 0d dno aioe 
w Ww 
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The moving column of water had a weight (not a mass, as stated by 
the Author) of W lb., where : 


W =w X I X cross-sectional area of the pipe. 

The force F in lb., opposing the upward movement of the column 
was equal to W (in Ib.) + [(delivery head—depth of water outside the 
drive pipe (in feet)) x 0-434] x cross-sectional area of pipe (in square 
inches). 


W 

F = mass X acceleration = F a 

Therefore : | 
g 
== x KF. 

I= He 
The distance S, in feet, by which the water column rose at each pump- 
"ing stroke or, more precisely, at each revolution, would be : 


( gallons per minute 


i eS Sa 4 = i i f 
revolutions per minute x 0 1605) pipe area (in square feet) 


; =}fe= (5 x rye 


<7 


S 
Therefore the time ¢ taken for the third phase was J 2 xX e seconds, 


_ and the time taken for all three phases, or for one revolution of the crank 
p would be: 
r. 1 eaiadk ites 7 += iat | Baden 
0 ; f; 
: The velocity a, none in the act given as 4,080 feet per second, 
_ might appear to be low in comparison with the velocity of sound in water 
a 
j 


pe. which was known to be 4,710 feet per second; but taking into 


ee oration the elasticity of the pipe of 4 inches diameter with an 
3 _assumed steel wall thickness of § inch, the velocity a would be : 


Ke ae 

i +1 = 4,100 feet per second, 
a | Ae pies (5 * i P 

os, more accurately : 

| ; C= fe +1+ i(« x ) = 3,980 feet per second. 


‘The latter fonts took into account both the Ne ete and circum- 
ferential elasticity of the pipe. Therefore : 


Be, N=4x joo = (= +1)| st % ee ; 


s ‘The values of the speed NV, calculated on the basis of the gs ies 


if / 
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were not in exact agreement with the measured ones, probably owing 
the not completely instantaneous opening of the delivery valve or to 
inaccurate readings, or both, but they were definitely more accurate than. 
those calculated according to the Author’s theory or from the formula: 
v 3,900 
ai 
which was meaningless since it gave one value of N for each length L of — 
the drive pipe, whereas in fact, for the same length of pipe, the speed might | 
vary widely, as was indicated in Table 3. ; 


TaBLE 3* 


‘Gallons 


minute 
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* In these calculations, a = 4,080 feet per second. 


The pump would function at its best if it could pump water against a 
given head H, with a suitably chosen length L for the drive pipe, from a 
depth L — h as great as possible. The value of A or of 2H + 2L + 


, 


z _- z + head loss should preferably be as small as possible. H and Z 


were supposed to be already fixed. The losses could be decreased by taking 
Fig. 7 
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suitable precautions ; p need not be excessive and p’ should be made _ 
maximum. : 

The magnitude of p’ depended on the speed and amount of opening of — 
the delivery valve.t 
It was essential for the pressure to be released suddenly, and for that 
purpose Dr Kansoh proposed the modification shown in Fig. 7. 
Mr P. Linton observed that a comprehensive theory of the compres 
sion-wave pump, taking into account the various losses, was likely to be __ 
very complicated. A treatment of a special case, using the graphical 
method of surge calculation, might perhaps suggest a way of attacking 
the problem. The same method had been used by Bergeron? when dealing __ 
with a reciprocating pump without air vessel. 
The diagram in Figs 8 related to a drive pipe of length Z such that the 
time taken by a surge wave to travel from the pump to the foot valve 
and back (2L/a) corresponded to a crank travel of 90 degrees. The main 
part of the Figure showed a distance/time diagram of such a surge wave 
and the conditions at the pump and at the foot valve when the surge 
arrived at either end and was reflected there. The right-hand diagram 
was the conventional surge graph for that particular surge wave. If the 
pump was to work at all, it seemed essential that the surge diagram should 
form a closed polygon covering either one or several revolutions of the _ 
pump ; successive cycles would then be identical and the pump would 

operate smoothly. That condition led to certain limitations of that type 
of pump which could usefully be explored further. ) 
Figs 9 showed the method applied to a practical case. The pump, of _ 
the same dimensions as the one described by the Author, ran at 240 
revolutions per minute, and the 3-inch drive pipe was 136-5 feet long, so — 
that 2L/a corresponded to a 90-degree crank angle. The total lift of the © 
pump was 250 feet. The conventional surge diagram could be analyse 
to give the graphs of piston pressure and flow through the foot valve in 
‘relation to crank angle, as shown in Figs 9. When the delivery valve was * 
open, the pressure at the pump would of course equal the delivery head of — 
150 feet (all losses being neglected). When the delivery valve was shut, — 
the piston pressure was related to the piston velocity, which was shown in _ 
the surge diagram by the short vertical broken lines and expressed in gallons 
per minute. The pressure at the foot valve was —100 feet (referred to the _ 
pump) when it was open, and might reach very high values when it was 
shut. The inflow into the drive pipe took place during a crank travel 
of only 90 degrees in that particular case. ; 
An obvious difficulty in the application of the theory arose when the 
surge travel time 2L/a was no longer a simple fraction of the time taken for 
seo y yall: Gibson, “The Mechanical Properties of Fluids.” Blackie, London, 1946, 
P L. Bergeron, “ Du coup de bélier en hydraulique au coup de foudre en électricit 


(“From water-hammer in hydraulics to the ligh stroke in icity’). Dun 
Paris, 1950, y' 8 g stroke in electricity”), Dun 
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Figs 9 
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_ one complete revolution of the crank. Although it seemed that the pump 

could only work when the speed and drive length were accurately matched, 
leakage and other factors might modify that rule in practice. It w 
be of considerable interest to obtain instantaneous pressure records 
that pump, particularly near the piston, as well as a measure of the 
variation, and to compare them with the theoretical treatment suggested 
above. “s 

Mr H. Kitson Chambers, of Perth, Western Australia, asked what 
provision was made for maintaining tightness of the joints. The effect of 

a 
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impact vibrations, oscillations, and reactions of varying magnitude would 
have to be guarded against. How was that done ? 

The Author, in reply, agreed that the maximum permissible depth 
of pumping would, as Mr Steele suggested, be limited by the strength of 
the drive pipe between the pump and the foot valve. The maximum 
depth adopted by the Author up to the present had been 220 feet from 
the water surface in the well to ground level. It was probable that for 
depths greater than 300 feet special quality piping would be required as 

_ well as a substantially strengthened construction of the pump itself. 

The cam-shaped delivery valve was shown in two views in Figs 10, 
which the Author hoped would make its design clearer. The poppet valve 
used at one time by the Author had been quite as efficient as the cam-shaped 
valve. The drawback to its use had been that the cam operating it wore 
at a fairly rapid rate and trouble had been experienced with spring break- 

ages. It also seemed to cause rather more noisy operation. 

The Author found the theory of the hydraulic ram set out in Dr Krol’s 
paper not wholly satisfactory. The quantity of waste water from the ram 
had been found to exceed that calculated by as much as 10 per cent in 
certain cases, and the discrepancy would have been noticeably increased 
had Dr Krol allowed in his theory for the reverse flow of water through 
the impulse valve which was bound to have taken place in his periods 
tg and t7 and might also have taken place in period t;, (see Fig. 24 of Dr 

_ Krol’s paper!). Moreover, it appeared that the theory was tested on only 
one length of drive pipe. It would have added greatly to one’s con- 

fidence in the theory had Dr Krol tested it for the effect of varying the 
drive-pipe length. 

Dr Kansoh’s theory proposed for the pump was very interesting and 
it might well be that it would be found to give more satisfactory re 

than anything hitherto suggested. That was not, however, bor 
a study of Table 3. If the Author’s admittedly illoce 


| N= 7b = 

_ was applied, it gave for all the results in Trule 3 a speed of 330 revolutions 

per minute, which was at most 7 per,¢at wrong compared with any of 

the measured speeds. Dr Kansoh’s fr. mula in the case of Test No. 5 gave 
a 17-per-cent error, and in Test Ne 9 a 15-per-cent error. 

- Moreover, in the case of Test No. 5, even at 360 revolutions per minute 
the pump was clearly running”o fast. The quantity pumped had dropped 
by 43 per cent and the effiviency by 15 per cent. Another test had been 
run at 369 revolutions p:r minute in which the quantity had dropped to 

1-8 gallon per minute and the efficiency to 255 per cent. It would have 
been useless to raise the speed to 429 revolutions per minute as Dr Kansoh 8 
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The Author had not seen the paper by Bergeron, referred to by Mr 
Linton, but was greatly interested in the possibilities which an attack on 
the problem on the lines of Mr Linton’s contribution suggested. The 
Research Engineer of the Author’s firm had applied Mr Linton’s method 
to a number of actual tests of the pump’s performance, but had found it _ 
to be in many cases an impossibility to get the diagrams to close. He was, _ 
however, carrying out further studies on those lines. . 
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DAMS IN THE EASTERN ALPS 


CORRESPONDENCE 
on Papers published in 
Proceedings Part I, September 1952 


Paper No. 5771 
“* The Most Recent Dams by the ‘ Societa Adriatica di Elettricita 
(8.A.D.E.) ’ in the Eastern Alps ’’ ¢ 


by 
Dott. Ing. Carlo Semenza 


Correspondence 


Mr A. C. Buck observed that it was a pleasure to see the imagination 
of the engineer achieve such graceful and effective dams. Evidently a 
great deal of thought had been given to them structurally ; but aesthetic- 
ally they had not been at all neglected, and very pleasing results had been 
_ obtained by the simplest means. The Author was to be congratulated 
upon the installation of a variety of instruments for investigating the 
subsequent behaviour of the dams. It had been said that all civil engin- 
eering works were examples of research work on a large scale and therefore 
it seemed surprising that only in recent times had serious attempts been 
made to check in detail the validity of a design. The arrangements 
- described in the Paper were exceptional, judged by everyday practice. 
~ It was still customary for structures of importance to be built with nothing 
but a very superficial check upon subsequent behaviour. The installation 
of measuring instruments and arrangements for periodic inspection had 
_ yet to become established practice but the tide seemed to be turning that 
way. The Author had an initial advantage in that he belonged to an 
organization which both designed and operated the power stations. 
_ There were several points of peculiar interest common to all or most of 
the dams. First, the trouble taken to achieve symmetry, a device leading 
to slenderer sections. Another point was that in no case had the dams 
_ been pierced by transverse holes ; that might be entirely a matter of topo- 
graphy or it might be that the high stress concentration which would be 
created by their existence had tipped the balance in favour of other 
arrangements. The spillway over the crest and a free fall for the discharge — 
was a rather daring arrangement with the merit of simplicity ; presumably 


+ Proc. Instn Civ. Engrs, Part I, vol. 1, p. 508 (Sept. 1952). 
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no protection had been added to the bottom and sides of the gorges. 
Finally, steel reinforcement had been used. Many engineers engaged on 
the design of dams worked to the rule that only compressive stresses should 
exist in their dams under all conditions of loading. The Author, however, — 
accepted the existence of tensile stresses—apparently as a matter of 
course—and in accordance with the usual assumptions steel reinforcement 
became necessary, leading to slenderer sections. What was the permitted 
working stress ? 

Regarding the Pieve di Cadore dam there was the possibility that a 
solid or buttress-type gravity dam, anchored by pre-stressed steel cables 
to the rock, would show considerable economies over the form adopted. 
That was a construction which seemed to be exploited entirely by French 
engineers and, rather strangely, neglected elsewhere. Details of the early 
application of the method has been published.1 

Blocks had been used to face the Valle di Cadore dam entirely for frost 
protection and were not intended to carry any of the load. Could not in- 
situ concrete have been made which was adequate for both purposes ? | 

Referring to the calculation methods employed, had the Author _ 
considered the use of the relaxation methods developed by Sir Richard 
Southwell? On p. 365 of Sir Richard’s James Forrest Lecture,? Slide 12 
showed a grid framework for which the method of solution was described 
on p. 61 of his book.8 It was possible to determine the moments in flat 
slabs by substituting a grid framework and it seemed likely that a solution _ 
could be found for a thin shell in the same way, except that the unit prob- _ 
lem would have another expression introduced owing to curvature in one 
or two directions. With a symmetrical shell the solution would be greatly 
facilitated. 

The Author, in reply, stated that the tensile working stress permitted 
by Italian regulations of 1931 for an arch dam were :— 


For concrete rings : not more than 5 kilograms per square centimetre. 
For reinforced concrete rings: not more than 8 kilograms per square 
centimetre (analysing the rings as 
reinforced sections). 


The maximum permissible working stress in compression was one-fifth 
of the ultimate stress after 28 days and one-seventh after 90 days. 7 
The Author was acquainted with Mr Coyne’s method of anchoring a 
masonry dam to the rock, but he thought that such methods should | 
used only in the complete absence of any other method which was 


2 James Forrest Lecture, 1948, ‘“‘ Relaxation Methods: An Engineering Approach 
to Computation.” J. Instn Civ. Engrs, vol. 30, p. 351 (Oct. 1948). = 

* “ Relaxation Methods in Engineering Science: A Treatise on Approximate 
Computation.” Oxf, U.P., 1940. “ata 
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satisfactory from the constructional point of view. That was not the 
situation at Pieve di Cadore. 

The blocks used for facing the Valle di Cadore dam were not intended 
to carry any load, but only to protect the surface from deterioration— 
especially that which might result from frost. The calculations for the 
had therefore allowed only for the thickness of the interior reinforced 
arch. 

The Author thanked Mr Buck for his reference to the “ relaxation 
method.” It had not been judged advisable to use it for the Italian dams 
owing to lack of experience of its particular application to dam design. 


‘Tt had been deemed wiser to employ experts who were proved specialists 


_ in the particular analytical problems involved. 


Paper No. 5857 
‘* Sewerage and Sewage Disposal in Sub-tropical Countries, with 
Special Reference to South Africa and Mauritius ’’ + 


by 
Ernest John Hamlin, D.Sc., M.I.C.E. 


Correspondence 


Mr F. E. Bruce observed that the Author had rightly placed emphasis 


upon the close relationship between public health and the necessary 


_ engineering services such as sewerage and sewage disposal. It was an 
~ aspect which had too often been neglected in the past. Engineers had been 


so absorbed in the mechanics of their work that they had not always 
_ appreciated its principal object—the preservation of good health. The 
_ Author had done a valuable service by giving practical examples of how 
the engineer, the doctor, and other specialists could collaborate both in 
_ investigating the route of transmission of disease and in devising methods 
_ of cutting that route. 


br éaivally, the engineer’s work followed the investigations of the doctors 


and biologists. In practice, however, knowledge was acquired in a piece- 
- meal fashion, and the demand for protection from disease could not wait 


until medical and epidemiological knowledge was complete. Hence there 
was a need for research of the kind described by Dr Hamlin in connexion 
with poliomyelitis, in which engineering control was an essential part of 


the biological investigation. = 
Bie engineer who participated in work of that kind, or was engaged 


_ t Proc. Instn Civ. Engrs, Part I, vol. 1, p. 561 (Sept. ee 
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in any form of public health engineering, needed to be qualified to meet 
the doctor and the biologist on common ground. He should have a broad 
understanding of public health principles and practice and a sound know- 
ledge of the biological processes on which his work was based. Without — 
that knowledge, his efforts were liable to be mis-directed and wasteful of 
the limited resources available. 
The need for well qualified public health engineers was particularly 
apparent in the warmer climates with which the Paper dealt, because of — 
the much greater number of health risks which existed there, and because — 
of the generally low state of development. The British Colonies offere 
much scope for the enlightened use of public health engineers. 
The Paper had touched upon some aspects of the effects of temperature 
on the sewage disposal problem (p. 581), but some information on its 
bearing on the design and operation of treatment works in warm climates 
would be of interest. Most of the processes relied upon for the purification 
of sewage were influenced to a large extent by temperature, and the effect 
of high temperature was usually favourable. For instance, many chemical _ 
changes occurred more rapidly at higher temperatures, and the activities 
of micro-organisms were also speeded up. The viscosity of water was 
reduced by a rise in temperature, and sedimentation and filtration per- 
formances were thereby improved. On the other hand, high temperatures 
would militate against the construction of large regional sewerage schemes _ 
owing to the rapid development of septic conditions in the sewers. More- 
over, undesirable as well as desirable organisms would be encouraged by 
high temperatures. 
Perhaps the Author could indicate how far operating experience bore — 
out those suggestions, and whether sewage treatment works in warm 
climates could, in general, be designed for slightly smaller capacities than 
were required in cooler areas. 
The mention of the high carbohydrate diet of the African prompted 
the question as to whether it led to any difficulty in operation of treatment 
plants apart from the additional sludge-handling and digestion capacity 
required. In particular, was the activated sludge process suitable for the 
treatment of that sewage, in view of the tendency of sphaerotilus to thrive 
on carbohydrates and to cause the bulking of sludge ? 3 
Finally, had the Author had experience with the operation of small 
septic tanks to treat the sewage from African dwellings? Could he give 
any guidance on the capacities required for satisfactory performance ? _ 
The Author, in reply to Mr Bruce, stated that he was convinced that 
team work was essential in design and operation of sewage disposal work. 
He had been particularly fortunate in having the Institute of Medical 
Research, the Medical Officers of Health of Johannesburg, a biologis 
the calibre of Dr H. Wilson, and a chemical engineer—Dr J. A. Maclac 
—as colleagues. In Mauritius he also had had a similar team of doctors, 
biologists, and chemists, whose knowledge had been of inestimable value. 
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The need for well qualified public health engineers should not be confined 
to the colonies; the Author sincerely believed that there should be a 
great call for their services in Great Britain. 

The effect of temperature on design data would almost need a complete 
paper to discuss it fully. To take the case of the sedimentation tanks : 
the period of retention was much shorter in warm climates—an average 
of 2 hours—because septic action had to be avoided. The result was that 
colloidal matter had not the time to settle and had to be dealt with in the 
percolating filters. Owing to the temperature of the sewage the filters 
could not only handle the extra colloidal matter but more sewage as well. 

Variations of temperature were most important. Cape Town, for 
instance, with its winter rain and high summer temperature, presented a 
different problem from Johannesburg with its summer rainfall, lower 
summer temperature, and dry climate in winter. Mauritius, although 
only about 700 square miles in area, had a very humid climate, but its 
ground temperature for 10 feet varied only between 76° and 84°F. through- 
out the year. That made the sludge digestion process easier because 
there was no need either to insulate the digestion tanks or heat the sludge. 

Regional schemes were not usually warranted (but not because of 
temperature conditions), except on the Witwatersrand, where nearly half 
_ the European population lived within a radius of 36-40 miles from Johan- 
nesburg, and the coastal region where the towns were too far apart. 
| Johannesburg was busy with a regional scheme, Germiston took the 
sewage of four local authorities, and Cape Town had a large regional 
scheme. Economics were more important than temperature in South 

Africa. 

j Mauritius was designing a regional scheme for six towns, because it was, 
economically, a better scheme: 

Sewage disposal works could, under warm conditions, be smaller than 
under cooler conditions. Sedimentation tanks and humus tanks were 
‘much smaller and the filter bed could, with safety, be 25 per cent smaller. 
; With regard to activated sludge and carbohydrate content, that 
process was not so efficient as under British conditions.- There were only 
two large plants in South Africa and both were in Johannesburg. Speaking 
_ generally, it was necessary to submit the sewage to 16 hours’ treatment. 
_ However, by reactivation of the sludge before re-circulation, that could 
be reduced to 12 hours’ treatment. That loss of efficiency was not due 
entirely to the tendency of sphaerotilus to thrive on carbohydrates. 
_ At the altitude of Johannesburg (6,000 feet) the oxygen content of the air 
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Septic tanks were not generally used under urban conditions. Wher 
water-borne sewage was allowed, where there were no main sewers, it 
was usually discharged into a concrete tank and removed by means of 1 a 
vacuum tank. 

Septic tanks might be allowed where the residential site exceeded 
2 acres. The size depended upon (a) the water table ; or (b) whether it 
was in a winter-rainfall area or a summer-rainfall area. The size ranged 
from 6 cubic feet to 8 cubic feet per person. 
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The Institution of Civil Engineers as a body is not responsible either 
for the statements made or for the opinions expressed in the foregoing 
pages. 


ms 

> 

a 

Ls 

MADE AND PRINTED IN GREAT BRITAIN BY WILLIAM CLOWES AND SONS, LIMITED — 
LONDON AND BECCLES ” (acim 

> : a. ae 5 a 

= no 


